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Abstract 
To create a risk-free environment for physical interaction of humans and robots, an 
intrinsic safety method has to be carried out to protect humans when sharing the same 
workspace with robots, friction clutch can be used as torque setting device with such 
desired internal safety. 
Robots are restricted in cages for considerations of human safety, but collaboration of 
humans and robots is in demand for lacking manpower, taking care of the elderly, 
accompanying with kids, also in industrial applications, human workers have to cooperate 
closer with the robots to increase the productivity. The solution is developing 
collaborative robots that can share the same space with humans, however, most of the 
robots are dangerous and robot’s involvement in human injuries is not new, to create the 
co-exist environment for such occasions that humans and robots have physical interaction, 
robots that would not injure humans while are able to deliver wanted services are required.  
Efforts have been made for achieving different safety guarding features for robots, 
especially the ability to limit power or force at a contact with other objects, so torque 
control is no doubt the main problem to be tackled down. Sensor feedback is included for 
such force/torque control. However, delay is also included due to the control loop, severe 
injury can happen during this delay even if the delay is just a few milliseconds. Current 
control of the motor is also used for force/torque control, in this case, a compact DC motor 
with a gearbox are often seen combined, this makes the current-torque control inaccurate. 
The alternative is to use a direct drive motor to eliminate redundant parts for better 
current-torque control, but this would require a high torque direct drive motor which is 
impossible to be geometrically compact, and that is bad for integration into the robot.  
Another way is to introduce some kinds of compliance into the system, usually an elastic 
  
element will be used. Springs are often used for achieving compliance actuation of a 
manipulator, and the drawback is obvious that it reduces control bandwidth as well as the 
position accuracy.  
In this work, the use of friction clutch for safety and open-loop torque control is proposed. 
The thesis consists of 5 chapters, chapter 1 is the introduction, in this chapter, the 
importance and benefits of introducing robots into not only industrial area, but also in 
humans’ daily life is discussed. The closer distance of humans and robots, as well as the 
change of robots’ work from replacing humans to assisting or replacing humans have also 
brought safety requirement to a higher level and this needs to be solved. 
in chapter 2, the background and motivation of this work is discussed. First the active 
methods and passive methods are described. Then different passive methods are compare 
by their working principles and performance. Adjustable Torque Limier has its benefit of 
letting certain amount of force to pass to ensure safety, and Series Damping Actuators has 
very good torque controllability. The idea of combine the benefits of both has been 
proposed at last. 
In chapter 3, the author used a direct drive friction clutch as adjustable torque limiter to 
enhance safety, since the robot configuration will be continuously changing during the 
task, the joint torque also varies following the change of the configuration, so that 
adjustable torque limiter is better suited. Friction clutch that can be engaged by electro-
magnets is chosen to be the adjustable torque limiter, because friction is can be varied by 
changing the normal force, and one important characteristic is that the static friction 
coefficient and kinetic friction coefficient can be different. When choosing friction 
materials have higher static friction coefficient, the output friction force/torque can be 
lower than that before slipping, this makes a safer torque limiter that the torque 
  
automatically decreases after impact with an object. 
In this chapter, the author first tested the friction clutch with different current/voltage 
supply to verify that the adjustability of the output for torque, and the results show a 
proximately linear relationship. Also, impact experiments are done for validating the 
hypothesis that lower kinetic friction coefficient leads to a reduction of torque when 
slipping. The results exhibited the kinetic torque was only 50.4% of static torque. In 
addition, at no times the output torque was higher than the set torque, so that the torque 
limiting ability was also confirmed. 
In chapter 4, the author discussed the safety method when the power is suddenly cut off-
An emergency stop function of the proposed adjustable torque limiter, considering the 
fact that the clutch actuator can be free-wheeling when there is no power supply. The 
falling-down of the robot could be a potential danger for humans, when the clutch actuator 
is not powered. A compact circuit that mainly consists of two supercapacitors are used to 
storage the electrical energy when the power is on, in the case of unwanted power outage, 
the stored electricity will be directed to the clutch actuator to energize it, so that it will 
not be disengaged until the electricity in the supercapacitors runs out, after that the clutch 
actuator can be free-wheeling again. This design is based on two guidelines of the ISO 
10218-1: 2011. Tests with varying speed and varying mass are conducted to test the limits 
of the system. The results show that the method is feasible, and the brake displacement 
and brake time are proportional to mass. And this emergency stop function can be used 
in the design phase of the robot to make sure the speed and mass of it can fit the maximum 
allowable braking time and distance of the ISO standard. 
In chapter 5, the author discussed the torque controllability of the friction clutch. MR 
fluid clutch and magnetic particle clutch are known as good for torque control, a 
  
comparative study of the possibility to use friction clutch and other two clutches based 
on different working principles as robot actuators for torque control. Torque to weight 
ratio is a crucial factor when integrated into robots, therefore, MR fluid clutch, magnetic 
particle clutch and friction clutch with relatively high torque to weight ratio are chosen 
for testing various performances, the results show that the friction clutch has the fastest 
torque response and step response as 0.029s and 0.052s, but the highest hysteresis and 
standard deviation as 9.37% and 0.0806Nm. MR fluid clutch has slowest step response 
as 0.158s and also lowest torque to weight ratio as 1.12Nm/kg. Magnetic particle clutch 
has the slowest torque response as 0.085s and lowest hysteresis as 1.38%. An evaluation 
of the 3 kinds of clutches for their characteristics as well as their performance on open-
loop torque control, the author chose to do open-loop control because the delay of the 
sensor feedback is undesired. The results showed that all 3 kinds of clutches can be used 
for series clutch actuator, and the position performance is ensured. Among 3 kinds of 
clutches, friction clutch has the highest torque to weight ratio as 25Nm/kg which is even 
higher than that in the datasheet. 
Chapter 6 is the conclusion and future work, the author made a summary of the achieved 
points of this work. In general, the author designed the use of Adjustable Torque limiter 
(ATL) of good performance based on friction clutch. The safety is ensured by a series of 
collision experiments; adjustable torque limiting ability in accordance with the joint 
configuration is exhibited; position accuracy is ensured; due to the specific working 
principle of the proposed ATL, the off-power safety is also confirmed with a proposed 
stop function; at last, the torque controllability after the clutch slips is also exhibited.  In 
the future work part, the author discussed the possibility of using the proposed ATL for 
predictive force/torque control.  
  
In summary, this work proposed and validated the use of friction clutch based ATL for 
enhancing safety of human-robot interaction while maintaining high performance for both 
torque and position control. 
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1. Introduction 
 
Robots have greatly contributed to many areas and there are all kinds of robots being 
developed and released to help with humans in almost all the fields, from Aerospace to 
entertainment. The need of robots is predicted to keep growing in the future, as shown in 
Fig. 1. 
Recent developments in the robotics world has made robots more user friendly, intelligent, 
and most importantly affordable. With these benefits of robots, it is no wonder that they 
have found jobs in every field. For example, the Honda robot is able to maintain its 
balance despite unexpected complications such as uneven ground surfaces [2]. Another 
humanoid Nao which is a performant biped robot is now available and affordable for 
research laboratories and the mass market and is presented in [3]. Also, the icub, a robot 
for research in embodied cognition is developed in [4]. More and more robots are 
developed and put into market or research for all kinds of purposes as in [5][6][7][8][9]. 
We can roughly classify the robots in the market into three big groups: Industrial robots, 
 
Fig. 1 Growing trend of robots market [1] 
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field robots and service robots. When we talk about robots, usually that refers to industrial 
robots since the biggest change that brought up by the robots is happening in the factories. 
Eight years ago, first collaborative robot or COBOT was released by Universal Robots, 
the nickname was adopted then widely used in the rapidly spreading market of this kind 
of human collaborative robots. Before that the robots were supposed to stay in the cages 
where the operators had to constantly check the operation state when the robots were shut 
down. Fast forward to 2016 and the market for collaborative industrial robots has an 
annual 50% growth and is now the fastest growing segment of industrial robotics, forecast 
to hit $3B in global revenue in as early as 2020 [10].  
And now, the operator can complete the task together with robots, like pass the workpiece 
to the robot directly, guide the robot to the desired position…without the necessity to get 
away from the work space, both time and space efficiency is increased. Safety is no doubt 
of utmost importance, the ability to accomplish complex tasks is also a vital characteristic, 
this human-robot collaborative working pattern makes complex tasks easier. Either 
humans and robots can do the part of the task that they are good at for the same task, for 
example, the robot can help a human to carry a heavy object and place it to the right 
position with the necessary force which the human may lack of, and the human can 
provide his flexibility to guide the robot properly. 
Robots are moving from inside the cages to a workspace that they can be alongside 
humans, in industrial applications, heavy duty tasks always require robots with high 
power for assistance and augmenting skills, collaborative industrial robots changed 
human-robot relationship during manufacturing, Fig. 2. shows the collaboration scene of 
Fanuc robot with a human worker [11]. 
3 
 
All kinds of companies are introducing collaborative robots to its manufacturing despite 
of their sizes. They are smart enough to see the benefits of employing robot workers, the 
efficiency is improved to a new level that can set a record in the history of manufacturing. 
In common situations, the humans feed the parts to the robots, then humans have to leave 
the workspace for safety reason, and the robots do the job. Working with collaborative 
robots, humans can give the parts directly to the robots without leaving the workspace, 
this saves time and floor space. Floor space is an important factor that easy to be ignored, 
companies usually spend a huge amount of money for the rental of the space, if the floor 
space can be reduced by putting robots in the same work space with humans, the cost of 
manufacturing will be reduced as well. In a study conducted by MIT researchers at a 
BMW factory, teams made of humans and robots collaborating were shown to be more 
productive than teams made of either humans or robots alone. In fact, human idle time 
was reduced by 85% when collaborating with a robot. The greater flexibility in the human 
environment is also a big benefit [12]. There are also other advantages of freeing the 
robots from the cages, when robots work in complex environments where humans exist, 
 
Fig. 2 CR-4iA Fanuc [11] 
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cages or barriers made up of sensors will be removed from the workspace, this enables 
the facilities to re-allocate robots and humans, so that more complex tasks which requires 
higher level of flexibility can be accomplished with lower space requirement. The cost 
for implementation of the robots will be reduced as well when the floorspace is freed. 
There are different kinds of human-robot collaborations in industrial applications, see Fig. 
3 [13], the lowest level can be the virtual safety fence which stops the robot when the 
human approaches, for example, photo-electric barrier or capacitive sensor can be used 
for this purpose, in this situation contact is not desired. Sometimes sharing of the work 
space is needed, when industrial robot acts as handling assistant, physical interaction 
happens only when the robot completely stops, that is to say, the workspace is shared 
without any motion. If we increase the safety requirement, contact of the human should 
be possible even if the contact is not required during the task. And for tasks like direct 
teaching (hand guide), physical interaction with simultaneous motion is desired, the 
safety level should be improved to fit the requirement. It is obvious that collaborative 
robots nowadays need the highest safety level to prevent human from injury. 
 
Fig. 3 Human-robot collaboration patterns [13] 
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On one hand, closer distance of humans and robots in industrial applications brought up 
a lot of benefits which we have no reason to resist, on the other hand the increasing market 
of robots makes us wonder if the robots are really safe to work with? Human injuries 
should be carefully avoided when working with robots. Safety of humans is no doubt of 
utmost importance.  
Field robots are another group of robots that involve a huge number of applications, 
construction, destruction, agriculture, forestry, mining, rescue. Severe damages to human 
society caused by disasters like earthquakes, flooding have been serious problems 
remaining to be solved. Field robots are supposed to work on every stage of disaster from 
prevention, respond and recovery.  
In 2017, WAREC-1, a 4-limbed 28 DoF robot was open to the public, see Fig. 4. Its  
hollow actuator unit enables the wiring inside it to prevent damage. In order to be active 
at a disaster site, it is essential for the locomotion to be stable while adapting to various 
unknown extreme environments that change constantly. The newly developed WAREC-
1 is characterized by the possibility of more flexible leg movement according to the 
 
Fig. 4 WAREC-1 [14] 
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situation, such as quadruped locomotion, bipedal locomotion, and stomach migration. 
With conventional leg movement, it is indispensable to accurately recognize the shape 
and state of the grounding point and its changes, and apparently it is necessary to quickly 
estimate and respond to potential collapse of the ground. This was considered to be the 
limit of robot intelligence [14]. Nevertheless, the movement of WAREC-1 forms while 
maintains the ultra-stable posture typified by the stomach is thought to be effective for 
the problems mentions. For this reason, the meaning of WAREC-1 is extremely 
significant. There are a lot of robots like WAREC-1 focus on locomotion in disaster 
scenes, in the future, field robots are potentially required for rescuing humans as well.  
Field robots that have physical interaction with humans are also in demand, when getting 
a human out from a dangerous building which is on fire or about to collapse, or searching 
for a victim that got trapped under debris. Field robots are potential members to rescue 
humans from danger, since it can go places and do tasks that too risky for humans. They 
can collect information to allocate the victims by their sensor system and report it to 
humans for further commands by their communication system, no matter they are remote 
controlled or autonomous configured, but for physical interaction the possibility to hurt 
 
Fig. 5 Battlefield Extraction Assist Robot [15] 
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humans during rescue is a problem to be considered. They have high power that can be 
very useful when heavy-duty task is needed, however, when rescuing humans, human-
friendly actuation is crucial.  
The US army has a robot designed to do this, called BEAR, or Battlefield Extraction 
Assist Robot, which Is an all-terrain, search-and-rescue. The powerful torso and arms are 
controlled by hydraulics, and its mobility platform has two independent sets of tracked 
legs. The robot balances itself on the balls of its ankles, and it can remain upright while 
balancing on its knees or hips. The robot that can locate, lift, and rescue people up to 500 
pounds, while grasping fragile objects without damaging them [15], see Fig. 5. 
It can be seen that not only industrial robots, but also for field robots, the safety problem 
is not an issue can be simply ignored as the physical interaction with humans becomes an 
unavoidable trend. 
The previous mentioned robots are changing their duties from replacing humans to 
assisting or replacing humans so that the safety problem has been brought up to us, but 
service robots always have to interact with humans from the day they are invented. They 
can be not very powerful like AIBO from Sony (see Fig. 6) [16] or Roomba from iRobot, 
however, the ability to assist humans in daily life is limited as well. 
 
Fig. 6 AIBO from Sony [16] 
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For service robots that designed for nursing humans or assisting humans for heavier work, 
the trade-off between high power and safety becomes more obvious. TWENDY-ONE,  a 
sophisticated human-symbiotic-robot which equips all the functions described above. The 
special feature of TWENDY-ONE is the combination function of the dexterity with 
passivity and the high-power output. TWENDY-ONE equips high output actuators with 
the simple mechanical passive impedance mechanism. Besides, when TWENDY-ONE 
manipulates an object with various shapes, it is easy for her to adapt to the object by 
passivity to absorb external force generated by the positioning deviation. In the same way, 
TWENDY-ONE can adapt to human motion and hold a human. As a result, TWENDY-
ONE can manipulate an object dexterously as well as support a human, and Fig. 7. shows 
how it is assisting a human to get off the bed. [17] 
During our current rush toward automation, humans are kept in a closer and closer 
physical distance to robots. There is no doubt that robots have the ability to replace us, 
but more interestingly we have to think about how to work coordinately with our robots 
to increase the efficiency and flexibility to create a more advanced way of production or 
 
Fig. 7 TWENDY-ONE assists a human [17] 
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living. Collaboration of humans and robots has made great contributions to many fields. 
Nevertheless, as this closer collaboration of humans and robots pushes forward the 
evolution in industrial applications, the safety standards should be updated to adapt the 
new era [95]. As state before, there are different human-robot collaboration types 
nowadays and correspondingly various safety methods are established. New applications 
involve new risks in practical uses that need to be re-evaluated, at the same time, new 
solutions to the challenge of solving the safety problems. Advanced safety methods 
should be carried out in response to the rapid development of robotics, especially for 
collaborative robots. 
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2. Background 
 
In the previous chapter, the need for employment of robots for various applications are 
discussed, the huge benefits of using collaborative robots are also stated, and human 
safety problem is brought up. In this chapter, specific safety systems will be introduced 
and discussed, the author will introduce the involvement of those methods and analyze 
the benefits and drawbacks. Finally, the idea of a safer actuator with better performance 
for robots will be proposed. 
The reduction of human’s injuries caused by physical interactions especially collision. 
Active and passive methods are both proposed for the reduction for damage caused by 
unwanted collisions. 
For the active methods, in [18] capacitive sensors are used under a deformable skin to 
detect the approaching of a human to achieve fast triggering before and during the stage 
collision starts to happen. This method can obtain the information of the position from 
the collision point and is still being investigated currently. In [19] a deformable soft skin 
sensor made of hall effect units with magnets placed above them was presented, see Fig. 
8. Usually sensors can detect the position where the collision happens this hall effect 
embedded skin sensor has extra functionality to measure 3-axis direction of the applied 
  
Fig. 8 Hall effect skin sensor [19] 
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force, in this way to provide much more information of the collision. After calibration, 
the experiment results compared with a precise force sensor show that its accuracy is 
ensured. In [20] tactile sensor that can fit onto a free-curved surface is also proposed, and 
there are tactile sensors for the same purposes in [21][22][23][24]  
Not only tactile sensors, but also force/torque sensors are widely used in robotics for 
safety. The force/torque in the joints will be measured and sent to the controller to adjust 
the motor torque output, such that the collision torque can be reduced, this is also mostly 
adopted in the current industrial robots, like KUKA robots [25], see Fig 9. Other methods 
based on the same principle also exist, like using motor current sensor to detect the change 
that the motor feels when interacting with the environment. Sensor feedback signals are 
used with various control methods depending on the application, for example, in [88] an 
algorithm regarding path planning as well as force feedback control is built for alleviate 
the inertia of the robot in the case of a collision, even with a conventional manipulator 
the control methods showed the mathematical model based PD control method can be 
feasible. In [27], a current sensor is embedded inside the motor to detect if excessive force 
is applied to the joint of the patient from the rehabilitation device. 
One problem of active methods which use sensors is that no matter how fast the sensors 
 
Fig. 9 Kuka KR 20 [25] 
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are, there is always a delay exists in the control loop, even if it can be an extremely short 
window of time, the injury of the human could be unacceptable. 
To eliminate the delay, passive methods which include direct drive motor, soft skins, 
torque limiters, compliant actuators are desired. The intrinsically safe property makes it 
a better choice for collaborative robots. 
 Direct drive motors are used for factory automation, wherein the motor is arranged to 
directly obtain rotary forces without using a final reduction gear [28]. They are also used 
as intrinsically safe mechanism since the torque can be set at a certain level by setting the 
current in the coil, an example from Yasukawa is shown in Fig. 10 [29]. without reduction 
gear, a disturbance torque is directly reflected to the motor shaft, and a torque ripple 
generated by the motor is directly transmitted to the load, causing poor speed control 
characteristics. An improved torque control system for DDM with a permanent magnet 
rotor, equipped with a torque observer implemented by digital signal software, is 
proposed in [30]. In [31], it also proposes an improved design methodology for the safety 
of human-robot interaction system based on two direct drive motors. One thing that we 
cannot ignore is that direct drive motors without gearbox for reduction are too big also 
 
Fig. 10 SGMCS 25 Nm direct drive motor from Yaskawa. (D = 
230mm, L =160mm. Weight = 29.7 kg) [29] 
160mm 
230mm 
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too heavy for integration into robots which makes it a bad solution. 
Soft materials are used as skins that cover the robot to ensure safety, see Fig. 11. when 
collision happens, high energy will be generated and energy exchange will take place 
between the robot and the environment, the working principle of elastic material is that 
the energy during collision is transformed to the deformation of the material. Soft covers 
have the benefit that they limit the forces directly at the impact site, but one problem of 
using soft skin is that there are some parts of the robot that are difficult to be covered with 
skins, like the gripper. Even if the whole robot is covered with soft material, only very 
limited energy can be absorbed by it. Furthermore, covering the whole robot with skins 
will introduce a huge lot of weight to the robot, the increased inertia in turn makes the 
robot more dangerous. 
Therefore, mechanical compliant actuators with desired intrinsic safety property have 
been proposed. Several representative topics will be introduced in the following contents. 
For precision-critical applications stiff mechanisms are preferable not only because the 
vibration will be reduced, but also the increased control bandwidth will help the position 
 
Fig. 11 YaWaRaKa Robo D with soft cover [32] 
 
 
14 
 
control as well as a rapid response. Nevertheless, when comes to safety-critical 
applications the disadvantages during unwanted collisions are also obvious [33]. Without 
the elastic element as an energy absorption material, the high stiff actuator will probably 
generate huge amount of energy between itself and the environment, this can be 
destructive to itself or even worse: hurt the human [95]. Therefore, safety and precision 
became two important factors that cannot be satisfied at once for a single mechanism. 
Below is a summary of the proposed methods attempting to solve the problem of this 
trade-off by introducing springs or dampers into the system. Series Elastic Actuator that 
has an elastic element usually a spring is proposed in [34], the simple diagram is shown 
in Fig. 12. In [35], the trade-offs inherent in series elastic actuators is discussed, and a 
control system for their use under general force is presented. For rotational applications, 
a compact rotary SEA for human assistive system is presented in [36]. in [37], associated 
control algorithms are proposed for the rotary SEA. And in [38], the clutchable series 
Fig. 13 SEA with damper [17] 
 
Fig. 12 Series Elastic Actuator model 
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elastic actuator for a robotic knee prosthesis is presented. 
The introduction of elastic elements can improve the safety level of the actuator since the 
impact energy is the integral of force on the collision point over impact time, and the 
spring can distribute this energy exchange process over much longer time, this in turn, 
reduced the control bandwidth of the actuator. And vibration is another drawback of it.  
Springs in the joints can be designed to absorb higher forces, but springs are conservative 
systems and store energy, for leg robot, it might be a good solution since the stored energy 
during the interaction of the robot leg and the ground can be used for the motion of next 
step [40], see Fig. 15, but for safety related application like collision protection, the stored 
energy can lead to dangerous situations. Furthermore, springs in the actuation reduce the 
position tracking performance, for example they reduce the achievable accelerations and 
cause oscillations. 
 
(a) The effective length of the spring is set to be long and the stiffness 
is low; (b) the effective length of the spring is set to be short and the 
stiffness is high. 
Fig. 14 Adjustable impedance SEA [39] 
 
Fig. 15 SEA in leg robot [40] 
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Improved version of SEA is that a damper can be added in parallel to it, as discussed in 
[17] and [41], see Fig. 16 and 13, a leaf spring or a torsion bar is used as the elastic 
element and a disk clutch is used as a rotary damper to suppress the vibration caused by 
the leaf spring or torsion bar. The structure can be as simple as [17][42][43] or as complex 
as in [44], the basic idea is the same. 
In robot Wendy, the adjustable impedance SEA is used for similar purpose, see fig. 14, 
the vibration due to the spring is reduced, and the stiffness of the robot can be adjusted 
by adjusting the lead screw, such that the effective length of the spring is altered [39]. The 
 
Fig. 16 Adjustable impedance SEA [41] 
 
Fig. 17 Clutch as damper in SEA [44] 
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actuator has adjustable impedance so that it can be either very stiff for accomplish tasks 
or very soft when physically contacting humans. However, the vibration cannot be 
completely eliminated. And the position accuracy is also affected by the spring, 
furthermore, the robot will still lose some degrees of safety when it is set to be stiff, and 
when it alters to compliant mode, the vibration problem is remained, see also [41] in Fig. 
16. For applications that do not require high precision or performance, SEA or damped 
SEA can be a preferable solution, but for critical accuracy needed tasks, the trade-off 
between safety of human-robot physical interaction and position performance still exists. 
Instead of adding an elastic element into the system, another way to achieve compliant 
actuation is to use a MR (magneto-rheological) fluid damper that can vary the force 
between the input and output sides. In [45] Series Damper Actuator was invented, even 
though the MR fluid damper is used as a force control device, not as a normal damper, 
the term SDA is proposed to indicate this kind of actuators. The working principle is that 
the viscosity of the MR fluid inside the clutch can be varied by the changing the magnetic 
field applied. The SDA was designed to be fulfilled with MR fluid and activated by 
electro-magnets, experiments showed that it is feasible to control the torque in the joint, 
 
Fig. 18 MR fluid damper as SDA 
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see Fig. 18. SDA is a popular topic nowadays so there are other SDAs that proposed in 
[46][47][48][49]. SDA seems capable of achieving improved precision and also ensuring 
the torque controllability, maintaining safety level. However, this also adds considerable 
weight to the system which makes the integration into the robot less possible, so higher 
torque to weight ratio solution needs to be found out. 
Torque limiters can also be used to ensure safety of robots. The concept of “torque 
limiting” can be understood as letting a certain amount of force/torque from the motor 
through the torque limiter to the load. With torque limiters the output torque of the 
actuator can be set at the desired level to avoid too much power exerted on the humans or 
workpieces. Most of the torque limiters cannot be adjusted so the limited torque is fixed 
at its maximum, as the spring clutch described in [50], see Fig. 19. 
However, during the movement of the robot, the configuration is continuously changing, 
and the Jacobian-dependent joint torque of the robot is also changing over time. 
Adjustable torque limiter that can vary its limited torque in accordance with its task is 
preferable. 
 
Fig. 19 Spring clutch as non-adjustable torque limiter 
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In this work, an adjustable torque limiter based on SDA with high torque to weight ratio 
is proposed to solve the problems mentioned above. Friction clutch (damper) has the 
highest torque to weight ratio due to its working principle does not require any kind of 
media to propagate force like MR fluid. The use of friction clutch in robotics can date 
back to 1973 in [51], see Fig. 21. However, there is no study about the torque control in 
this work, and the mechanical structure is too complex for integration. And friction clutch 
is also found to be used as force limiter in [52], see Fig. 20. 
The friction force is produced by exerting force in the axial direction of the disks to 
 
Fig. 20 Friction clutch for torque control in robots  
 
Fig. 21 Friction disks as torque limiter 
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compress them using a linear actuator, the output torque can be adjusted by controlling 
the linear actuator. Friction clutch can be slipped after the torque applied becomes higher 
than its capability, however, there is no torque control study in this work, and the torque 
limiting ability after slipping is not exploited.  
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Conclusion 
For safety of robotics, active methods relay on sensor feedback have the problem of delay 
in the control loop, even the fastest controller nowadays can achieve control frequency as 
high as 10 kHz, the damage during the 0.1 ms delay can be unbearable especially when 
the robot is operating at high speed. 
i) Intrinsic safety measurements which relay only on the mechanical system are 
considered as the alternative since no control is required. A lot of research focused on 
elastic material, they either use the elastic material as the skin or place it in the joint to 
absorb energy, the introduction of elastic element generates vibration that lowers position 
and control performance. 
ii) Adjustable impedance SEA is also introduced so that the actuator can be either stiff or 
compliant, nevertheless, the trade-off between performance and safety is not solved. SDA 
has good torque and position controllability but the weight of it makes it less easy to be 
integrated.  
iii) Torque limiters for safety are also discussed, most of the torque limiters are not 
adjustable. Friction clutches used as dampers to help with the functionality of main design 
(spring) in some of the designs are discussed as well, but not for torque control. one 
example of friction based clutch is designed and proved to be able to act as adjustable 
torque limiter, but the torque controllability is not examined.  
iv) The idea of combine the advantages of the SDA and torque limiter is proposed since 
the controllability of SDA is well-examined, and the benefit of torque limiter for safety is 
obvious, in addition, friction clutch has the advantage of high torque to weight ratio. In 
latter chapters, the author designed the usage of friction clutch as torque limiter for robotic 
actuator in to achieve intrinsic safety, considering the characteristic of disengageability 
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of the proposed actuator, the off-power safety is also ensured by designing an emergency 
stop function, at last, a comparative study of clutch based on different working principles 
is conducted to prove the controllability and position performance of the proposed friction 
clutch torque limiter. 
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3. Friction Based Clutches as Adjustable 
Torque Limiters for safety 
 
3.1 Introduction  
 
Torque limiters are a proven way to enhance the safety in robots. They ensure that never 
more than the set torque is exerted by the actuator. The working principle of torque limiter 
is that let only certain amount of torque from the motor through the torque limiter and 
transmit to the load, clutches can be used as torque limiters as well, see Fig. 22. 
τ𝑚 means the torque from the motor which is the source that drives the whole system. 
I𝑚 is the inertia term of the motor and C𝑚 represents the damping factor of the motor. 
τ𝑖𝑛 is the torque transmitted from the motor and the clutch and τ𝑜𝑢𝑡 is the torque gets 
delivered by the clutch. I𝑟 and C𝑟 represent the inertia term and damping factor of the 
arm, respectively. τ𝑒𝑥𝑡  is the external forces applied to the arm. The torque limiter 
 
 
Fig. 22 Diagram of the clutch based torque limiter 
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restricts the torque from the motor to a predefined level as from τ𝑖𝑛 to τ𝑜𝑢𝑡 
In Fig. 23, the concept of torque limiter is further described and the author extracted the 
following equations 
τ𝑚 −  τ𝑖𝑛 = I𝑚?̈?𝑚 +  C𝑚𝜃?̇?        (1) 
τ𝑜𝑢𝑡 = min(τ𝑖𝑛, τ𝑙𝑖𝑚𝑖𝑡)            (2) 
τ𝑜𝑢𝑡 −  τ𝑒𝑥𝑡 = I𝑟?̈?𝑟 +  C𝑟𝜃?̇?        (3) 
τ𝑖𝑛 −  τ𝑜𝑢𝑡 = {
𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
𝑓(𝜃?̇? , 𝜃?̇?)
           (4) 
 
Where the 𝜃𝑟, 𝜃?̇?, ?̈?𝑟 represent position, speed, acceleration of the arm, respectively; 
 𝜃𝑚 , 𝜃?̇? , ?̈?𝑚  represent position, speed, acceleration of the motor, respectively; and 
τ𝑙𝑖𝑚𝑖𝑡 is the set torque of the torque limiter. 
 
 
 
Fig. 23 Diagram of the clutch based torque limiter 
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Usually, once the torque on the load side exceeds the set limit, the actuator will be 
backdriven and the torque remains at the set level, this could also reduce the resistance to 
external forces. Generally, lower torque limits are expected for safety since it cancels 
excessive torque caused by a collision. Meanwhile, torque limits should be set high 
enough in order to follow the desired trajectory and accomplish the required task. As the 
torques of the robot joints are configuration-dependent (Jacobian-dependent), the 
variation of the torque is unavoidable and continuous, during the movement of the robot. 
To avoid compromising the position tracking performance or the undesired triggering of 
the torque limits, the required torque limit of each torque limiter should be changing all 
the time as well in accordance with the task, this is the concept of Adjustable Torque 
Limiter (ATL). Ideally, the torque limit at each time is set just slightly higher than 
necessary, so a collision can be easily detected and decoupled by the torque limiter 
intrinsically. 
Non-controllable torque limiting devices have been proposed and realized in many forms 
of mechanisms, for example, a device composed of a wire with a pulley is used in [53]. 
The arm will start to slip if the threshold torque is exceeded, while maintaining output 
torque at the threshold level after the slipping. In [54], if excessive force is exerted to the 
torque limiter, the steel ball in the cavity of the mechanism will be pushed to contact the 
end of the cavity inside the case, once the excessive torque from outside keeps being 
applied to it, slip happens to cancel it. Spring-based clutches are also proposed as in [50]. 
A friction based clutch has been used in a small robot for companion children as torque 
limiting device as well [55]. All the torque limiters described above can be only adjusted 
manually, often by changing the length of spring embedded. However, changeable torque 
limits are required in most of the cases since the torques in the robot joints will be 
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constantly changing once the robots starts to move. For torque limiters that can be 
controlled, the author focuses on electrically adjustable devices in this work. Linear 
actuators can be used to vary the torque limits, for example in spring clutches [55]. Many 
research has been conducted on magnetorheological fluid based actuators which can be 
used for torque limiting application as well. A leg-robot has adopted one as a torque 
limiter during the simulation of spastic movements in [56], the development and 
evaluation of a magnetorheological fluid clutch is presented. Its limit can be adjusted 
through controlling the viscosity of the fluid, current is applied to its coil to generate a 
magnetic field which changes the linkage strength of the magnetic particles in the fluid. 
Another approach facilitates almost in the inverse way and is presented in [57]: for this 
magnetorheological fluid actuator, the overall magnetic field is weakened as the current 
in the coil increases, thus, the viscosity of the fluid as well as the torque limit, remains at 
its maximum once the electrical activation is removed. Consequently, the torque drops as 
the coil current increases. In general, torque limiters can be designed as power-off devices, 
in which case the maximum torque limit is applied without power. This method can 
prevent a robot arm from falling down in unwanted power-off situations. Nevertheless, 
the output torque is able to be kept at the set value after slipping. In all the experiments 
in this work, on-power clutches are used for analyzing, in practical uses, the off-power 
clutches are preferable choice as well and this will be discussed in the latter chapter. 
Magnetorheological fluid clutches can be controlled by adjusting the current applied to 
its coil, but they still have disadvantages of a low torque to weight ratio. For example, the 
one recently presented by Moghani and Kermani produces only 15.7 Nm for a weight of 
1.6 kg (9.8 Nm/kg). ATLs as safety ensuring devices that is independent of the other 
necessary parts of the robot can add considerable amount of weight, and adding weight 
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means increasing the total inertia of the robot, this will subsequently make unwanted 
collision more dangerous. 
 
3.2 Motivation 
 
Torque limiters have different ways to respond to excessive torque. Taking the power 
drills as an example, the torque limiter can keep the torque at a certain level, such that the 
screw can be rotated and tightened into the workpiece with that torque. There are other 
torque limiters that can be rotated freely once the torque limit is reached, until their limits 
are reset again. Various behaviors are suited for various applications. For safety in 
robotics it could be beneficial for many applications that the output torque on the load 
side decreases after the limit has been exceeded, but reducing it to zero will cause 
dangerous situations like the robotic arm falls down without certain torque to support its 
own weight. This work proposes an idea of using a friction-based clutch as a torque 
limiter which can automatically reduce excessive torque to a lower level than the set limit. 
Friction based clutches have a high torque to weight ratio and there are several cases that 
they are used in robot arms as torque limiters in [58]. In [52], a linear actuator is used to 
alter the compressing force onto a stack of friction discs, thereby pushing the friction 
surfaces on the disks close together and changing the output torque. In [59], the friction 
discs are directly actuated by an electromagnet, and the possible control method of 
adjusting the torque by varying the current in the electromagnet is exploited then 
examined. For dry friction, there are two kinds of friction coefficients – static and kinetic, 
it is possible that there exists a difference between the static and kinetic friction 
coefficients. For friction clutch based torque limiters this characteristic could lead to a 
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sudden drop in the output torque after the static torque limit has been reached. As 
observed in experiments, this drop in torque is not obvious in some clutches depending 
on their difference between the two coefficients, and it is also possible to have equal static 
and kinetic friction if chose the material that has this property. For example, this 
phenomenon can be noticed in [52], but is not obvious in [59].  
Taking into consideration of the fact that friction clutch has a high torque to weight ratio, 
and it is possible to take the advantage of its difference in the static and kinetic friction 
coefficient to generate a reduction after slipping (once the torque limit is exceeded), the 
author proposed the idea of using friction clutch as a light-weight ATL and experiments 
are conducted to verify the enhanced safety of it. 
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3.2 Friction clutch as ATL 
 
The author chose a friction clutch that has a high torque to weight ratio to test and the 
results exhibited apparent transition from static friction to kinetic friction as the 
coefficients are identical. This difference of static and kinetic friction together contribute 
to the unique property which is preferable for applications that desires a reduction of the 
torque limit after slipping. Table I shows the specifications of 4 friction clutches that can 
be controlled with electromagnets (clutches have a close torque output about 6Nm). The 
one that has the highest torque to weight ratio is from Ogura, and this is selected to be the 
clutch examined in this work. It claims to have zero backlash in the datasheet which can 
be another advantage for safety, and this is also verified latter.  
Table I Options for friction clutches 
Product 
number 
JB-0.6 S90CS9M-
26A1010 
111-06-13G VBE0.6 
Maker SINFONIA SDP/SI MIKI pulley Ogura 
Torque (Nm) 6 9 5 6 
Weight (kg) 0.65 0.6 0.28 0.32 
Torque/weight 
ratio (Nm/kg) 
9.231 15.000 17.857 18.750 
 
There is a tiny gap (0.2-0.3mm for the chosen model) between the engagement surfaces 
on the rotor and the stator when the clutch is not activated, which will vary from model 
to model due to the variation of the sizes as well as the different torque output ability, see 
Fig. 24. Once the voltage is applied to activate the electromagnets, the stator will be pulled 
to the rotor by the magnetic field generated, such that the friction surfaces contact each 
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other and the force exerted perpendicular to the engagement surfaces can be varied by 
varying the applied voltage. A flat spring is attached to the rotor separates the rotor and 
stator and keep the certain distance between them, when the clutch is powered the spring 
force will be easily overcame. The width of the initial gap is crucial in the author’s 
experience: a distance closer than 0.2mm would result in higher achievable torques at 
corresponding voltages and faster saturation, but the clutch might not disengage soon 
after the voltage is removed. A bigger gap than 0.3mm would need more voltage (force) 
for the clutch to engage and results in lower achievable torques. The stator is fixed to a 
stator aluminum mount which has a shaft for connecting to other parts, and a bearing 
between the stator mount and the rotor mount enables the two parts to rotate relatively 
such that allows the slipping of the clutch.  
 
 
Fig. 24 Structure of the chosen friction clutch 
 
31 
 
3.3 Experimental setup  
The input shaft of the clutch is connected to a motor through a CSG-14-100-2A-R 
harmonic drive with a reduction of 100:1, see Fig. 25. The brushless motor is from Maxon 
and its part number is EC 4-pole 305013, there is an encoder attached to the bottom of 
the motor to record the position of the input side. The controller is also from Maxon and 
it is EPOS 2 70/10 which is capable to control the rotational speed as well as the position 
of the motor. The author configured the motor to run at various speeds: 10 rpm, 100 rpm 
or 1000 rpm. After the reduction of the harmonic drive, the load side moved at a speed of 
0.1 rpm, 1 rpm or 10 rpm, respectively.  
 
Table II Arm specification 
Weight (kg) Length (cm) Width (cm) Material 
575.7 86.88 37 Aluminum 
 
 
 
Fig. 25 Experimental setup 
70 cm 
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Table III Torque sensor specification 
 
 
 
 
 
 
A light-weight aluminum link (specifications listed in table II) is connected to the stator 
mount of the clutch through a torque sensor (LXT 971 from Cooper Instruments, see Fig. 
26), the output torque through the ATL (clutch) can be directly measured. The torque 
sensor measures torque in both clockwise and counterclockwise directions and outputs a 
pre-amplified analog voltage which will be converted into clockwise or counterclockwise 
torque.  
Table IV DAC converter specification 
Input range (V) ±10 
Output range (V) ±10 
DAC resolution (bit) 14  
Input impedance (GΩ) >1  
Maximum update rate (kS/s) 5  
Bandwidth (kHz) 300  
Load range (Nm) 17.5 
Accuracy  ±1% F.S. 
linearity < 1% F.S. 
Hysteresis  < 1% F.S. 
Repeatability  2% F.S. 
Material  Steel  
Output (V) 0.5-0.45 
Excitation (V) 9-12 
RPM 5000 Max 
 
Fig. 26 LXT 971 from Cooper Instruments [90] 
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A USB-6001 ADC device (from National Instruments, see Fig. 27) is adopted to query 
the analog signal from the torque sensor and send it to a PC for recording.  
Table V Encoder specification 
Power supply (V) 5 
temperature range (°C) -40 to 125 
Resolution (bit) 10 or 12 
Maximum Read-out Frequency (MHz) ≤1 
Supply Current (mA) 16  
Mechanical speed (rpm) 12000 
 
An encoder AEAT-6012-A06 (see Fig. 28) from Avago is attached to the load side (link) 
and measures the position (joint angle) of the rotor or link. As mentioned before, one 
other encoder is connected to the motor and measures the motor or stator position. The 
two encoders together give information about the difference between the rotor and stator 
of the clutch, from which the slipping information (relative position, speed) can be 
detected and acquired. 
 
 
Fig. 27 USB-6001from National Instruments[91] 
 
Fig. 28 AEAT-6012-A06 from Avago [92] 
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 Table VI LMD18245 specification 
 
 
 
Regarding the control of the clutch, basically the author controls the voltage applied to it, 
since there is just coils as electromagnets in the circuit, either the current or the voltage 
can be used for control, as they are related by the well-known formula V = IxR, and this 
relationship can be assumed to be fixed, as there is no back-EMF for example. In the 
beginning, the author used a LMD18245 full-bridge motor driver to from TEXAS 
Instruments to control the current fed to the clutch, see Fig. 29. This controller frequently  
Table VII MDD10A motor driver specification 
 
 
 
 
Power supply (V) Max. +60 
Continuous Load Current (A) 3 
Peak Load Current (A) 6 
Resolution 4 bit  
Power supply (V) 5-25 
Maximum Continuous Motor Current (A) 10 
Maximum PWM Frequency (Hz) 20k 
Peak Motor Current (A) 30 
 
Fig. 29 LMD18245 from Texas Instruments [93] 
 
Fig. 30 MDD10A motor driver from Cytron [94] 
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and repeatedly cuts the current at the desired current value such that the current will drop 
when the needed current is reached, and it keeps comparing the exact current to the 
expected value, once the former is lower the controller will try to increase it, in this way 
to keep the applied current stable at a certain level. A four-bit digital-to-analog convertor 
is used to transform the wanted current value which is the input from a micro-controller 
to the command in the motor driver. An Arduino DUE which has two DAC ports are 
available to be used to send the control signal. This self-made current controller 
successfully controlled the current however produced high pitch noise. Therefore, instead 
of the current controlled motor driver, the author adopted a voltage controlled motor 
driver (MDD10A from Cytron, see Fig. 30) to vary the voltage applied to the clutches 
through Pulse Width Modulation, with an Arduino DUE as the microcontroller to 
generate the PWM signal, the author achieved to control the voltage of the clutch and 
using a commonly available motor controller makes the implementation fast and cheap. 
A LabVIEW program is used to acquire and record the torque value from the ADC. In 
order to integrate all the control and recoding into the LabVIEW program, a python 
 
Fig. 31 System diagram 
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program is made to sends certain PWM values to the Arduino and this python program 
can be called in the LabVIEW program at any desired point of time as it can be specified 
in the program, therefore, not only how much voltage is applied to the clutch, but also 
when to apply the voltage is controllable by LabVIEW. A high sampling rate of 5 kHz is 
set for the ADC converter, to get detailed information, see Fig. 29. 
 
3.4 Friction clutch profile 
3.4.1 torque response 
 
In this torque response experiment, the clutch was powered with its maximum voltage 
setting to test how it respond to external toque. The arm is rested against the edge of the 
desk, see Fig.32. The clutch was engaged from the beginning, then the author ran the 
motor at a target speed of 1000 rpm, after the reduction of the gearbox the speed of the 
 
Fig. 32 The arm is contacting the desk during this experiment 
12 cm 
11.5 cm 
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rotor clutch rotor is10 rpm. The author chose this speed as it is a typical speed a normal 
robot arm would move at. Since the link is resting against the table, the stator of the clutch 
with the link is not moving, the motor (rotor of the clutch) speed equals to the slip speed. 
For 30.2 ms, 5.4 Nm was reached, and it was drastically dropped to 2.63 Nm afterwards, 
see Fig. 33. Once the clutch started slipping, instead of static friction, kinetic friction 
determined the torque of the clutch. After the transition from static friction to kinetic 
friction, there shows a slow slight decrease in the kinetic friction based torque within 0.2 
Nm. The friction clutch is also confirmed to have a minimum torque output of 0 Nm due 
to the existence of a small gap between the rotor and stator when it is completely 
disengaged. 
 
 
 
Fig. 33 Characteristic of the friction clutch from static friction to kinetic friction 
38 
 
3.4.2 Torque-voltage-speed relationship 
In following set of experiments, the torque output of the clutches depending on the applied 
voltage and the slip speed was investigated. Since the link is not moving, the author set 
the slip speed directly by controlling the the motor speed. Clutch voltage was set to be 
0%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, each clutch setting was 
investigated more than 3 times for a few seconds. Both static and kinetic friction based 
toque outputs were investigated. The results are shown in Fig. 34. Starting from 3.6V 
(30% clutch setting), the relationship between voltage and torque output was a nearly 
linear. The average kinetic torque output is calculated as 77.81%, 65.32% and 50.4% of 
the static one at the relative slip speed of 0.1rpm, 1rpm and 10rpm, respectively. 
Additionally, in this set of experiments the slip speed clearly posed its influence on the 
torque output, at lower slip speeds higher torques were achieved. For voltages below 3.6V 
the clutch was not able to engage the rotor and stator, in particular, we can observe that 
 
Fig. 34 Torque - Voltage - Speed Relationship of friction clutch 
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the engagement surfaces did not touch each other, as the magnetic field was too weak to 
generate force that can pull the rotor and stator together, so it can be verified that the 
clutch can be freely rotated below 3.6V. 
 
3.4.3 Collision experiments  
In the previous experiments, the clutch slipped right after the motor started running since 
the clutch is engaged first and the link is on the desk, this is to fix the link (with the clutch 
stator) to the desk by the engagement of the clutch, then use the torque from the motor to 
slip it, such that the profile of the torque limits of the clutch is obtained. In the experiments 
presented next, the clutch was engaged initially as well but the link originally pointed 
upwards and then the motor drove the link at 10rpm to collide the desk as shown in Fig. 
35.  
The author performed this experiment 3 trials each for each clutch setting. As stated 
before, when the voltage is lower than 30% of the maximum voltage, the clutch is open 
 
Fig. 35 Arm configuration during collision 
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and no effective torque can be measured, the link with the stator is decoupled and the 
motor could not move the link. Fig. 36 shows the maximum torques and average torques 
after the collision in red triangles and red squares, respectively. Furthermore, to make a 
comparison with the clutch torque limits from the profiled result (shown in blue lines), 
they are plotted in the same figure. It easy to be observed that the measured collision 
torques follow those from the clutch profile experiments (blue line). Therefore, also in 
the case of collision situation, the clutch output torque can be limited to the set level and 
it is confirmed will drop automatically to about 50%, as seen in Fig. 36. This indicates 
that the torque in the joint can be successfully restricted to the set limit and excessive 
forces can be decoupled by slippage. The substantial reduction of torque after slippage is 
triggered may also be beneficial under collision situation, under normal operation 
situation, the torque limit should be set according to the task’s requirement, and this 
requirement might be higher than the torque limit for safety depending on different 
  
Fig. 6 Collision torque v.s. profiled torque 
Fig. 22. Imapct torque vs. Profile torque 
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collision sites of the human, the characteristic of the decreased torque is considered to be 
preferable in this case. And just a reduction not totally removing of the torque helps to 
maintaining a certain level of torque to hold the weight of the robot. Instead of keeping 
the set torque or dropping to zero, compared with other torque limiting methods, it better 
ensured the safety with regard to both the danger of excessive torque and falling down of 
the robot.  
Additionally, during all the experiments we could observe that until the arm hit the desk, 
the encoders attached to the link and attached to the motor had the same measurement, 
we can conclude that there was no slippage before the collision happened. Therefore, it 
is possible to set the proposed friction clutch based ATL at each time step sufficiently 
higher than the needed torque for accomplishing the task with enough knowledge about 
the task and the joint configuration without affecting the position tracking performance. 
For example, when start running the motor, the acceleration of the inertia of motor rotor 
and the load requires more torque, there supposed to require more torque in the beginning 
and this can be calculated from the acceleration and the inertia of the system. After 
acceleration, if the motor moves the load at a constant speed, the required torque for the 
task will mainly due to the gravity of the load side, as the gravity term of the load can be 
easily predicted at a given configuration, the potential application of using the proposed 
ATL in coordination with the arm configuration, acceleration and task is considered and 
this will be validated in latter chapter. 
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3.5 Discussion  
 
The friction clutch examined in this chapter had several interesting characteristics:  
i) The torque limit can be controllable.   
ii) The torque will automatically reduce once the static torque limit has been exceeded.  
iii) For this particular friction clutch, its slip speed also poses influence on the kinetic 
torque.  
iv) The clutch can be fully disengaged, which indicates that the rotor is able to be freely 
rotated. On the other hand, when the clutch torque limit is set sufficiently high, no slipping 
is observed and thus the position tracking performance will not be affected.  
Therefore, through implementing an ATL with the proposed clutch, the torque limit can 
be altered from zero (freely rotating) to its maximum. It is possible to set the torque limit 
beforehand as a kind of predictive control. The torque limit in the clutch at any given time 
is able to be adjusted with respect to the requirements of the current operation state (for 
example, with respect to the acceleration of the joint and the carried load). The ATLs can 
be set so that they do not slip during normal operation, but additional torques, for example 
due to the collisions, cause the clutch to slip. Thereby, a safety ensuring function without 
the requirement of force/torque feedback from the sensor system can be realized. Here, 
the behavior of the friction clutch enlightened the author to take advantage of this 
potential benefit because the output torque automatically decreases once the clutch starts 
to slip. 
As a summary, torque limiters are widely used to enhance the safety in robotics. To 
further increase the safety, adjustable torque limits are better preferred since the required 
torque of the tasks depends on the joint configurations (joint angles, velocity, 
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acceleration), as those parameters are changing all the time, torque is also changing. 
Friction clutches can be used as adjustable torque limiters. In contact free motion the 
friction clutch can be set with torque limits higher than the required torque, unlike SEA 
with an elastic element, the position tracking performance which is an important factor is 
not lowered. At an impact, the torque is intrinsically limited without the need for any 
signal to go through the controller, safety is secured. Furthermore, depending on the 
implementation, friction clutches have its specific property that different torque limits for 
static and kinetic friction can be set: when the static torque limit is exceeded (as it would 
be the case in an incidental contact situation), the clutch starts slipping, and the torque 
output automatically decreases, thereby reducing the forces in a quasi-static contact, as 
defined in ISO/TS 15066:2016. 
From the experiment results, we have experienced both kind of behaviors of clutches, and 
this will be discussed in latter chapters. For some of them the kinetic torque (when the 
clutch is slipping) can be much lower than the static torque. 
For other clutches, the torque is the same after the clutch started slipping which means 
this kind of clutch has the same kinetic and static coefficients. For both type of clutches, 
they show their behavior consistently and this could be the evidence that the material 
itself decides its kinetic and static coefficient properties and this is the intrinsic 
characteristic which can be reliable. Particularly, if we observed either behavior one or 
two in a specific clutch once, it showed the same behavior in all subsequent experiments. 
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4. Design and implementation of an 
emergency stop function 
 
4.1 Introduction  
Safety is one of the main concerns of this thesis, as described in the previous chapters, 
the ATL for ensuring safety for power on state robots during operation is proposed. The 
method to stop a robot safely and to secure the safety when the power is off should also 
be taken into consideration. Usually robots are required to have an emergency stop 
function for this purpose.  
There are several ways to trigger an emergency stop to avoid the motion of the robot to 
injure humans with its high power. In [60] a high-speed vision-chip and in [61] a Kinect 
sensor are used to detect if the robot is too close to a human, in which case the robot will 
stop. Both locomotion and manipulation tasks are considered in a control method with 
emergency stop for in a biped robot is proposed in [62], the robot is capable for 
recognizing an unexpected contact and stops based on feedback of joint angle, then falling 
down is prevented by reverting the motion. While stop functions in the case of impeding 
contacts or for reacting to contacts are crucial (in addition to user induced emergency 
stops), the current chapter instead focuses on an emergency stop in the case of a power 
outage. As outlined above, once the emergency stop is triggered the robot should be 
backdrivable to achieve higher safety level. To realize this, the previous chapter suggests 
using motors in series with adjustable torque limiters, as they are able to provide easy 
backdrivability even without power. Such adjustable torque limiters equipped actuators 
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have been investigated as series clutch actuators [63][64][65][66][67][68]. They use a 
magnetorheological (MR) fluid or friction based clutch as a pure force setting element. 
The author has also investigated the possibility of using high torque to weight ratio 
electromagnetically actuated friction clutches as an adjustable torque limiters in [69][70], 
for applications that require both safety and force control. The working principle is to 
adjust torque output by varying the normal force applied on the friction surfaces through 
controlling the voltage fed to the coils (electromagnets), as explained in the previous 
chapter. Regarding safety, the torque limit can be adjusted dynamically according to the 
task and robot dynamics, with all benefits explained. However, under the situation of a 
sudden power outage the clutches will be instantly freewheeling, resulting in the safety 
problem outlined above. Some industrial robots use normally closed (NC) clutches which 
have elements (usually permanent magnets or springs) to engage the clutch when no 
power is applied to them. In [71], an NC clutch based on MR fluid is proposed and it uses 
a permanent magnet to engage it. In [72][73], NC clutches based on friction are also 
described, this clutch has  pretension provided by a diaphragm spring. NC type clutches 
are suited for off-power emergency stops as they can generate force even when not 
electrically activated, however, in that case the actuators are not easily backdrivable after 
the emergency stop. As a conclusion, currently available systems fail to fulfil 
requirements of both an emergency stop function and backdrivability during power 
outage. The following section presents a possibility to achieve both. 
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4.2 Motivation 
 
In previous chapters, it is discussed that robots are no longer expected to be restricted to 
cages, and humans and robots should be able to share the same work space for increased 
flexibility in production. To ensure human safety is considered as the most fundamental 
precondition of achieving the goal of robot–human coexistence. Many requirements were 
set for safe robots, and in this chapter the author will focus on two of them.  
(1) it is necessary to have an emergency stop function in order to avoid unwanted physical 
interaction of humans and robots. According to ISO 10218-1:2011, “The robot shall have 
one or more emergency stop functions (stop category 0 or 1, in accordance with IEC 
60204-1)” and “if the output does not continue to function when the robot power supply 
is removed, an emergency stop signal shall be generated.” Therefore, it is required that 
the robot stops within a certain displacement in the case the power is suddenly cut. 
Obviously, such a requirement is necessary in many scenarios, because otherwise after a 
power outage the robot would most probably continue to move in an uncontrolled way 
because of its inertia.  
(2) Furthermore, ISO/TS 15066:2016 states that for the power and force limiting method 
of collaborative operations, which is the method that allows for the most intricate human-
robot interaction “Any clamping event between the collaborative robot system and human 
body regions shall occur in a way such that the person shall be able to escape 
independently and easily from the clamping condition.” In order to achieve this condition, 
the author assumed that in many scenarios backdrivability is necessary for robots. For 
safety as well as in the case of unwanted power off, the robot should be backdrivable 
when without power. 
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Therefore, in the case of power outage, to fulfill both requirements, (1) the robot should 
first stop tis motion, and (2) subsequently achieve backdrivability. Combining those two 
requirements at the same time is not trivial. Many robots employ off-power brakes that 
are engaged by the permanent magnets embedded without electric power, which perfectly 
fulfills the first requirement, but then the robot will not be possible to be backdriven 
afterwards. 
Even without the emergency brake, most actuators cannot be easily backdriven without 
electrical power supply. While some actuators are backdrivable (such as direct drive 
electric motors), for practical reasons as reducing reflected inertia and improved 
efficiency in electrical motors, often high reduction ratio gearboxes are used, this in turn 
limits the backdrivability of the actuators itself. Series elastic actuators can be pushed 
back to a certain extent, but there is a trade-off between the passive compliance of the 
spring and the bandwidth of the position control as discussed in chapter 2. Backdrivability 
is usually achieved actively, with torque controlled actuation, feedback torque control for 
backdrivability reacts slowly to the backdriving force and this approach obviously fails 
without power. 
 
4.3 Emergency stop function for ATL 
 
As discussed in the previous chapter, the friction clutch has the benefit of a high torque 
to weight ratio, which is valuable for practical implementations and for safety in robotics, 
as decreased inertia is a crucial factor to reduce collision forces. Therefore, in this section, 
the author use the friction clutch for the experiments with the emergency stop function. 
The specifications are listed in Table VIII. Nevertheless, the method proposed in this 
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chapter could also be applicable for other kinds of on-power clutch based ATLs. Due to  
 
Table VIII clutch specification 
Model VBE 0.6 
Manufacturer Ogura 
Max. voltage (V) 24 
Max. current (A) 0.5 
Size (mm) R75*W24.5 
Torque (Nm) 6 
Weight (kg) 0.32 
Torque/weight 
ratio (Nm/kg) 
18.75 
 
the unique working principle of the electromagnetic friction clutch, a tiny gap (0.2-0.3 
mm) between the stator and rotor exists when the clutch is not powered, the friction zones 
on both surfaces of the rotor and the stator will not touch to enable the fully 
disengagablility of friction ATL, see Fig. 37. Once voltage is applied, the stator will be 
pulled to the rotor and the force exerted perpendicular to the friction zones can be changed 
by adjusting the voltage. Thereby, also the torque limit of the clutch can be adjusted by 
controlling the voltage fed to its coils. Previously the author discovered that there is a 
clear proportional relationship between the torque limit of the clutch and the supplied 
voltage. A flat spring attached to the rotor disengages the clutch when the magnetic field 
is too weak (i.e. without power), and the clutch can be moved freely due to the existence 
of 0.2-0.3 mm gap between the rotor and stator. 
The author has investigated the easy backdrivability of adjustable torque limiters (ATL) 
previously, in addition to their other safety related advantages. When no power is supplied, 
they require small torques to achieve backdrivability, thereby realizing requirement (2). 
Nevertheless, in the case of an unwanted power off, they are immediately released, 
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thereby the actuator with the ATL does not have the ability to brake the robot effectively, 
and fail to fulfil the requirement of the safety stop as stated above. Therefore, the current 
section proposes and introduces a system with its key components-capacitors to provide 
a maximum torque limit for a desired short time period, after that the actuator is again 
fully backdrivable. Herein lies the novelty of this emergency stop function. The concept 
is demonstrated in Fig. 38. The author argues that this proposal fulfills both requirements 
as outlined above. 
Furthermore, the emergency power system is designated for the ATL described in 
previous chapter and is physically compact and lightweight, which eases the common 
difficulty of the integration into the robot, and thus makes it possible to implement the 
system close enough to the ATL equipped actuator, which finally reduces the risk of 
cutting connection between the ATL and the emergency power system, adding to its 
 
 
Fig. 37 The fully disengageablility of friction ATL  
13.5 cm 
8.2 cm 
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reliability. 
The current section does not discuss extensively issues related to holding torque, which 
could be required to fulfill the safety stop requirements. In general, the robot should not 
be able to move after the emergency stop is triggered, but depending on its kinematic 
chain, some or all of the actuators in the robot will be required to provide a certain amount 
of torque even after the robot has stopped its motion to avoid the robot itself from falling 
down due to its own weight or gravity. Nevertheless, there are some ways to achieve this, 
for example a power-off brake could be adopted to the system (that supports the weight 
of the arm, but does not need to achieve the deceleration alone), or the actuator could be 
 
 
                     Fig. 38 proposal of the idea3. The concept of stop function 
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used for horizontal actuation such as in a SCARA robot. 
Safety is one of the main concerns of this thesis, as described in the previous chapters, 
the author proposed friction based clutch as ATL for safety and it can be disengaged or 
the torque can be reduced if the power is cut off or reduced. The potential danger of the 
dropping off of the robot needs to be considered. In this chapter, the author designed a 
stop function that exhibits a way to combine the requirements of first stopping and 
subsequent backdrivability in the case of power outage. In particular, a circuit with 
supercapacitors is designed and implemented that powers an adjustable torque limiter in 
the case of power loss for a short time to achieve the stop function. After the 
supercapacitors are depleted, the system is backdrivable. The circuit with the 
supercapacitors is small enough to be implemented close to the actuator. Tests with 
varying mass and varying speed are conducted to test the limits of the system when being 
used without an additional power off brake. The results show that the system is feasible, 
and also shows the current limitations of the system in regard to brake displacement and 
brake time. 
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4.4 Schematic of the emergency stop 
function 
 
The schematic of the emergency stop function is shown in Fig. 39. The key components 
are the two supercapacitors which are placed in parallel to provide twice the ability for 
electrical energy storing, this configuration will depend on the specific need of the system 
and for sure can be modified in accordance with that. The supercapacitors will get charged 
as soon as power supply is connected to the system, and there is a relay that can 
electrically bridge the supercapacitors to the clutch once the electrical power from the 
supply is cut off, thus it acts as a switch in the system which detects the vanishing of the 
energy from the power supply and connects the clutch to the supercapacitors. Therefore, 
the power-off relay is used to connect the clutch in parallel with the capacitor when the 
power supply is off, it creates a path for the charge from the capacitor to flow to the clutch. 
 
Fig. 39 Schematic of the stop function 
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In the discharging cycle, the normal voltage control for the clutch will not be functioning 
any more because of the power loss, so that the clutch is only connected to the capacitor 
to accept its electric charges stored before for a short time, this discharging period of the 
capacitors can also be modified regarding to the specific requirement. The goal is that the 
charged capacitor will power the clutch (nominal voltage 24V) for a short time to stop 
the clutch from disengaging so that the link with the clutch stator will not be freewheeling 
and will not continue its movement due to its inertia. In the current implementation, we 
use two supercapacitors BZ02CA903ZLB from AVZ, see Fig. 40. The detailed 
specification is listed in Table IX. These supercapacitors were chosen to provide electric 
energy as a 
Table IX specification of the supercapacitor 
Length (mm) 50 
Height (mm) 30 
Width (mm) 4 
Product No. BZ02CA903
ZLB 
Manufacturer AVZ 
 
voltage of more than 20V for nearly 0.5 s, the requirement is obtained from some results 
 
Fig. 40 BZ02CA903ZLB from AVZ [95] 
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of initial experiments and the author deemed this sufficient for completely stopping the 
motion of link. Each has 12V rated voltage and they are connected in series to provide 
24V in total, this certainly can be replaced by a single 24V rated supercapacitor, the author 
here chose a pair of 12V capacitors for easy  
purchase. Each has a capacitance of 90 mF, so their overall capacitance is 45 mF. Their 
size is presented in Table IX. The charge they can restore is calculated in equation (1) 
 
𝑄 = 𝐶𝑉                               (5) 
 
where C and V are the capacitance and voltage of the supercapacitors in total, respectively. 
The time t it takes for discharging the supercapacitors to a certain voltage level V can be 
calculated from equation (2). 
 
𝑄 = 𝐶𝑉𝑒(−𝑡/𝑅𝐶)                  (6) 
 
R is the resistance of the coils in the clutch which is 48, e is the Euler’s number. 
Furthermore, since the clutch is used as an adjustable torque limiter, previously the author 
discovered that the clutch’s torque limit has a linear relationship to its voltage, starting 
from when the clutch is engaged. Below voltage that can engage the clutch, it is 
completely opened. Using the parameters found in previous experiment results, the torque 
can also be predicted in the discharging cycle, i.e. after an emergency stop. The calculated 
voltage and torque limit of the clutch as a function of discharging time (starting from the 
onset of the discharge of fully loaded supercapacitors) are presented in Fig. 41. About 4 
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s later, the voltage drops too much that the clutch is disengaged.  
It should be noted that the braking torque from the clutch is restricted by the 
backdrivability of the motor that with a gearbox. Introducing a Normally Closed clutch 
or brake on the motor side or using gears with lower backdrivability will certainly provide 
stronger braking power, but this would require more physical space. The current section 
exploits the possibility of implementing the proposed emergency stop function without a 
NC brake and with a harmonic drive gearbox. Predicting the stiction and friction of the 
motor with harmonic drive is not trivial, and the experiments in the following section will 
also discuss the limitations of the system without additional NC brakes. 
Regarding the charging cycle of the supercapacitors, with the above circuit the author 
uses the same power supply with 24 V to charge the capacitors (full charge Q is 45 mF). 
There is a tradeoff between the charging time 𝑡𝑐 and the charging current 𝐼𝑐 = 𝑉/𝑅𝑐, 
  
Fig. 41 Discharging cycle of the supercapacitors 
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which can be set by choosing resistors with appropriate 𝑅𝑐 according to equation (3). 
 
𝑄 = (𝑉/𝑅𝑐) ∗ 𝑡𝑐                       (7) 
 
Higher charging current will result in a higher temperature during the charging cycle, and 
attention has to be paid to make sure that is within allowable limits. On the other hand, 
the charging takes place just once during the startup procedure of the robot, and the author 
assumes that a longer time to ensure the capacitors are fully charged is acceptable. In the 
current implementation, two resistors of 470 ohm are placed in parallel to provide a 
resistance of 235 ohm in the path to charge the supercapacitors, this also could be 
modified depending on specific requirement, the author chose a pair of high temperature 
resistant 470 ohm resistors for easy purchase, the charging cycle of the supercapacitors is 
about 10s. 
 
4.5 Experimental setup 
 
The circuit for the emergency stop function, with all components including the 
supercapacitors, is physically compact size, see Fig. 42. This eases the difficulty of 
integration of the whole system inside the robot, which could be valuable, in general to 
reduce the wiring length for connecting the emergency stop circuit to the ATL, increasing 
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the reliability of the system. As an alternation, the supercapacitors can be distributed 
outside the robot, in which case just one additional wire, shown in blue in Fig. 39, would 
need to enter the robot. This wire could also be shared for several ATLs; in such case the 
supercapacitors need to be dimensioned to power several ATLs at the same time. 
 
 
Fig. 43 Varying weights of the link 
 
Fig. 42 Experimental setup with the stop function circuits 
70 cm 
12 cm 
16.88 cm 
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Table X Link specifications 
Weight (g) 575.7 
Length (cm) 16.88 
Width (mm) 37 
Material Aluminum 
 
The experimental setup is generally as described in chapter 3, An aluminum link is used 
on the load side to simulate the robot arm. The specifications of the link are shown in 
Table X. In the experiments, besides the validation of the functionality of the stop 
function the author tested different weights of the arm as well attempting to obtain the 
relationship between braking time/displacement and the weight, since the former two 
factors are important criterions in safety standards, thereby aluminum blocks with 
different weights are clamped approximately longitudinal centered to the link to vary its 
weight, see Fig. 43. A 1-DoF set up with a friction clutch based ATL and an aluminum 
link was completed. see Fig. 40.  
 
4.6 Experiments 
 
In order to examine the performance of the stop function, initially, the link rested on the 
desk during all experiments to make sure each experiment has the same start condition. 
Therefore, the initial angle was 50 degrees, where 0 degrees would be pointing vertically 
downward. The link then rotated counterclockwise for 140 degrees, see Fig. 44, this 
experimental condition is for providing enough time for the link to reach different set 
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speeds. Immediately after rotating for 140 degrees, the power was completely cut to 
simulate an emergency stop situation. Without this emergency stop function, the link will 
continue its rotation to rotate due to its inertia, as the clutch was not powered anymore 
thus decoupled the stator with the link from the motor side. With the emergency stop 
function, the link stopped in every trial of the experiments. Particularly, this stop function 
was investigated for different rotational speeds and load masses; each setting described 
 
(a) 
 
(b) 
Fig. 44 Experiment procedure. (a) The power-off is designed to take place when 
the link just passes through the centerline such that it will not fall back to the initial 
position due to its gravity; (b) Travelling angle of the link.  
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below was tested twice, and the required braking time and braking displacement from 140 
degrees for achieving a complete stop was calculated from the encoder readouts. Various  
link speeds and masses were tested, as they would pose their influences on the inertia of 
the link; therefore, the author expects that they affect the stop time/distance when using 
the emergency brake system.  
 
4.7 Results 
The link is designed to rotate at 5, 10, 15, 20, 25, 30, 35, 40, 45, and 50 rpm, respectively. 
From 5 to 20 rpm, the link stopped within about 5 degrees, exhibiting to stop the motion 
almost instantaneously when observing it with bare eyes. With higher speeds, the brake 
duration and displacement gradually increased, shown in Fig.45.  
 
Fig. 45 Speed-stop time/angle relationship  
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Fig. 46 shows the results for different weights. The joint speed was set to be 40 rpm for 
all the link weights. Again, the stop duration and displacement increased with increasing 
weight, as the author expected. 
After the stop, when the capacitors were depleted, the link could be freewheeling again, 
and fell down due to its own weight or gravity. In the experiments the link always started 
to rotate again after approximately 3 to 4 s, which is congruent with the author’s 
predictions (see Fig. 41). Overall, the proposed emergency stop function acted as 
expected. In particular, depending on the allowable brake time/displacement, there are 
limitations regarding the joint speed and mass. For most of the applications, 5 degrees’ 
displacement with speed of 20 rpm seem tolerable, but will have to be verified in a risk 
assessment as part of the ISO certification process. Furthermore, the system can easily be 
 
Fig. 46 Weight-stop time/angle relationship 
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improved as outlined in the next section.  
 
4.8 Discussion  
 
This chapter presented an emergency stop system for power outage situations for the 
proposed adjustable torque limiter in chapter 3.  
i) In all the experiments, the link was placed in a vertical configuration for easier 
observation, under such circumstance the gravity will obviously affect the results, since 
all the experiments were conducted under the same condition, this influence can be 
neglected, and the stop function worked in vertical configuration can ensure that it will 
function well in horizontal configuration as well. 
ii) The braking time and displacement depend on the rotational speed and link mass; it is 
understandable since the friction clutch adopted in the experiments as a torque limiter has 
a maximum torque limit of 5 Nm, and more notably the motor with the harmonic drive 
are backdrivable as well if sufficient torque is applied. However, the original link (see 
Table X) could be stopped at speeds up to 20 rpm within 5 degrees. Hence, for practical 
applications in reality, to use the proposed emergency stop function it is desired to 
carefully take the mass and speed of the robot into consideration, while observing the 
maximum allowable braking time and speed according to the ISO norms.  
iii) The braking displacement and time are possible to be reduced by replacing the current 
ATL with stronger models, using less backdrivable geared motors or providing break 
power to the motors as well. A further possible enhancement would be using additional  
normally closed brakes yet this requires more energy as during the operation of the robot, 
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this NC brakes need to be powered.  
iv) The adjustable torque limiter has good backdrivability after the emergency stop, which 
is beneficial for conditions that a human is clamped to a wall by the robot. Overall, the 
system could provide enhanced safety for human-collaborative robots. 
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5. Comparative study of ATLs based on 
different principles 
 
5.1 Introduction 
 
In chapter 3, the possibility of using a friction clutch as ATL is exploited and it exhibited 
the ability to limit the torque to enhance safety, under both slipping and non-slipping 
situations, the limit torque has a relationship with the voltage, this gave the idea of using 
ATL for not just safety but also torque control. There is no doubt that robots have greatly 
contributed to the automation of factories in almost any area of manufacturing in the past 
decades. Before all processes can be fully automated, one of the crucial problems left to 
solve is force control. It is vital as the introduction of the collaborative robots which 
requires better torque control for safety in a space that will be shared by humans and 
robots together. Also, there are still some tasks in manufacture like deburring and 
polishing of complex surfaces mainly depend on human labor. Furthermore, in addition 
to position control, force/torque control can greatly determine both performance and 
safety. Especially when interacting with humans, safety is the highest priority.  
Force/torque control can be achieved actively, by measuring the forces acting on the robot 
or the torques in the joints and reacting to them, but precise sensing is necessary and there 
is always a time delay due to the control. Passive mechanisms can get rid of the time 
delay, and would therefore be beneficial to realize compliant and backdrivable actuation. 
Several kinds of actuators can be backdrivable, yet for practical reasons as decreasing 
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reflected inertia and improved efficiency in electrical motors, often high reduction ratios 
are preferable, which in turn limit the backdrivability of the actuators. Series elastic 
actuator is a popular topic in force/torque control, but the adopting of the elastic elements 
(usually a spring) lowers the position tracking performance. In addition, since it is a 
conservative system, the force/torque relays on the spring deformation, and consequently 
the spring deformation of all time needs to be controlled; fast control is required for 
dynamic contact scenarios. In general, under the situation of collisions the motor has to 
react fast enough to prevent exerting excessive torques. Actuators with adjustable spring 
stiffness, also called adjustable impedance actuator, can optimize the trade-off between 
fast position control and passive compliance depending on the situation, however, fail to 
solve the essential drawbacks of actuators with elastic elements.  
Series clutch actuators (also called variable damping actuators), can be used as a pure 
force/torque source when used without an elastic element, and this is discussed in chapter 
3, the torque limits can be set beforehand such that they can work as a passive, adjustable 
torque limiting device which promises both performance and safety. The negative aspect 
of it is that the introduction of the clutch adds considerable weight and reflected inertia 
to the robot, thereby lowered weight with improved torque are of utmost importance for 
integration and practical implementations. Another solution is using a gearbox after the 
clutch, but direct drive of the clutch is better suited not only for easier and more precise 
force/torque control, but the gears could also bring up problems like additional backlash 
and increased weight and volume to the system.  
Recently a lot of research has been conducted on MR fluid based variable damping 
actuators. Also, much research has been conducted on the development of MR fluid based 
dampers with improved torque to weight ratio as the MR fluid devices are known as too 
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heavy in many applications [74]; For example the clutch recently presented by Moghani 
and Kermani [75] produces 15.7 Nm for a weight of 1.6 kg (9.8 Nm/kg). Commercial 
MR fluid clutches are currently purchasable from just one company, LORD [76] and they 
have been studied in [77]. MR fluid clutches are proved to have good torque 
controllability in a lot of research [78][79][80][81], but still have common practical 
problems such as sedimentation of the particles contained, and subsequently magnetic 
particle clutches became the alternative that are more widely employed in industrial 
applications. Magnetic particle clutches generally have a lower torque to weight ratio 
compared with that of MR fluid clutches, and other alternatives have an even worse torque 
to weight ratio [82].. Friction clutches have a higher torque-to-weight ratio (see Table I), 
which is crucial for robotic applications.  
Friction based clutches have been adopted as a damper that placed in parallel with elastic 
elements to suppress some of the problems of series elastic actuators [83][84][84]. [85] 
showed the improved ability on position tracking performance, and discussed torque 
control using the friction based clutches, but this research friction clutches are solely used 
and controlled under contact-free situation. Furthermore, implementing torque control by 
such an actuator can be really a complicated task since both the spring deformation and 
the clutch force are required to be controlled at the same time. Moreover, the energy 
stored in the springs could potentially lead to high forces. Friction based clutches are used 
in a few robotic arms that include series clutch actuators as torque limiters, but not for 
torque control, just for collision detection [86] and the possibility of torque control with 
a friction clutch is discussed [87][88]..  
All of these friction based devices were developed as prototypes; yet, only very few 
results on the implementation of torque control with such clutches are presented. The 
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chapter will investigate the possibility to directly control the clutch with an electromagnet, 
which is the common method for controlling magnetic particle clutches as well as MR 
fluid clutches, very few research on friction clutches have tried to use electromagnets 
directly [88]; [84][85][86] have used linear actuators. In [89] the author presented 
preliminary results in the collision experiments with a friction clutch, but no torque 
control was studied or evaluated, not to mention a comparative study that will be 
presented in this chapter. An overview of variable impedance actuators can be found in 
[82].  
 
5.2 Motivation 
 
For robots that act outside of tightly controlled environments, force/torque control is often 
better suited than position control. Series clutch actuators, can be used as ATLs that are 
without elastic elements to achieve excellent position control or can be used as a pure 
force/torque source.  
In chapter 3, the author suggested to use friction clutch for force/torque limiting device 
as we can take advantage of the intrinsic property of friction that there are two types of 
 
Fig . 47 friction material for different applications  
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friction coefficient-static and kinetic, depending on the relative state of the surfaces. For 
torque limiting in safety related applications, it is beneficial if the torque can be reduced 
automatically when collision happens. Based on the same principle, we can also take the 
advantage of friction for torque control, however, for this application a stable torque 
output without a sudden drop is preferred, the author suggest to use friction material that 
has the equal static and kinetic friction in this chapter for torque control, see Fig. 47. 
Clutches based on different physical principles can be adopted; while recently a lot of 
research has been conducted on clutches based on magnetorheological fluid (MR fluid), 
they still have a relatively low torque to weight ratio, which makes the integration into 
robots difficult. In industrial applications magnetic particle clutches are widely used, 
since they have proven their reliability and durability, yet they are even more heavy for 
the same torque output. Friction clutches have a higher torque to weight ratio and they 
were proved to have torque limiting ability in chapter 3, but are generally considered to 
be difficult to control especially when they start to slip. The goal of this chapter is to 
evaluate ATLs based on different clutches with a high torque to weight ratio for open-
loop torque control and collision safety.  
Firstly, the author planned to profile the characteristics of electromagnetically controlled 
clutches based on friction, MR fluid and magnetic particles. Secondly, building a simple 
model that can be used to implement open-loop torque control and subsequently using 
that to analyze the hysteresis, step response, and frequency response.  
The author has to declare that the goal is to implement and evaluate open-loop torque 
controllability with electromagnetically controlled clutches, as usually speaking of 
control, many people refer to feedback control automatically, but the problems of active 
feedback control was discussed in chapter 2, the author only focuses on open-loop control 
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for intrinsic safety in this work. While open loop torque control is usually not as precise 
as closed loop control, the evaluation of open loop controllability is important for 
scenarios where fast response is crucial, such as during collisions. In chapter 3, the author 
proved that friction clutch based ATL can be used for safety, and in this chapter the author 
attempts to validate the hypothesis that it can also be used for force/torque control. Other 
two kinds of clutches with relatively high torque to weight ratio are used to be the 
references for comparing characteristics and evaluating torque control performance of the 
friction clutch. All clutches are off-the-shelf; using clutches that are commercially 
available would facilitate the development of integrated devices like robots with series 
clutch actuators (series damping actuators). To the best of the author’s knowledge, using 
friction clutches (especially electromagnetically controlled ones) for intrinsically safe 
torque control which is open-loop control has not been thoroughly evaluated so far. This 
chapter aims to fill this gap and compares the performance to other state of the art clutches, 
in this way to verify if friction clutch can be used for both safety and torque control. A 
high torque to weight ratio can be achieved for the internal property of friction clutch 
itself, which is a crucial step towards practical implementations of series clutch actuators. 
Overall, the author tires to demonstrate how with the right hardware strong performance 
can be achieved, even with a simple controller.  
 
5.3 Working principles of the clutches 
 
As a conclusion of the previous section, MR fluid clutch are well studied for torque 
control but difficult to be integrated into robots due to its insufficient torque/weight ratio. 
On the other hand, friction clutch has a high torque/weight ratio but considered impossible 
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to control. Magnetic particle clutches are widely used in industrial applications because 
of easy torque controllability but still have too low torque/weight ratio. 
 
TABLE XI Specifications of Clutches 
 Friction MR fluid Magnetic 
particle 
Model VBE 0.6 TFD 5Nm OPB-40N 
Torque/weight 
ratio 
6 Nm/0.32 
kg 
(18.8 
Nm/kg) 
5 Nm/1.3 kg 
(3.8 Nm/kg) 
4 Nm/1.8kg 
(2.2 Nm/kg) 
Size (mm) R75*W24.5 R95*W51 R112*W36 
Cost (in 2016) 22,000 JPY 22,000 JPY 22,000 JPY 
Max. voltage (V) 24 12 24 
Manufacturer Ogura 
Industrial 
Corporation 
Lord 
Corporation 
Ogura 
Industrial 
Corporation 
 
Table XI lists the specifications of one selected clutch for each category (friction, MR 
fluid, magnetic particle) which has the highest torque/weight ratio the author could 
purchase in the market (5 Nm maximum torque clutches were selected for this work, and 
generally they are on-power clutches). The author would like to make a brief introduction 
of their working principles in the following, even though the same type of friction clutch 
is introduced in chapter 3 already, it is necessary to put the three kinds of clutches together  
so that we can have a comparison of the basics of them. 
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 Electromagnetic friction clutch: It composed of two main parts: the rotor and the 
stator, on both surfaces of the rotor and the stator there are friction zones facing each 
other. There is a thin gap (0.2-0.3 mm) between them when no power is fed to the 
clutch. When voltage or current is applied, the stator will be pulled to the rotor and 
the force exerted perpendicular to the friction zones can be varied by varying the 
voltage. A flat spring is used to keep the tiny gap so that the rotor and stator can stay 
at their relative distance when the magnetic field is too weak. The assembly of the 
friction clutch should be careful since this 0.2-0.3 mm gap should be strictly kept. 
The width of the initial gap is crucial in the author’s experience: if the gap is smaller 
than 0.2 mm in the beginning the clutch would be easier to be engaged, however, the 
maximum torque would saturate faster; A wider gap than 0.3 mm would require more 
voltage for the clutch to engage and results in lower achievable torques. Both 
situations would affect the linearity of the torque-voltage relationship. Besides, 
unparalleled rotor and stator would result in uneven perpendicular forces on the 
 
Fig. 48 Diagram of friction clutch 
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friction surfaces, this finally causes the torque output of the clutch varies as the rotor 
and stator slips relatively even with the same voltage, see Fig. 48. 
 
 MR fluid clutch: MR fluid is a kind of fluid that can carry micro to nanometer scale 
magnetic particles, those particles are distributed randomly in the fluid if it is not 
activated, once magnetic field is applied to it, the particles will align themselves 
following the direction of the magnetic fluxes, such that it turns into a viscoelastic 
solid state, and he viscosity of the MR fluid can be modified accurately by varying 
the magnetic field intensity. As for the chosen MR fluid clutch, an electromagnet 
(coil) is used to generate the control magnetic field. changing the voltage applied to 
the electromagnet inside the clutch changes the magnetic field, and in this way the 
connection between the rotor and the stator, see Fig. 49. 
 
Fig. 49 Diagram of MR fluid clutch  
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 Magnetic particle clutch: It contains magnetic particles (usually stainless steel that 
filled in the sealed case) inside, when it is in off power state the powders have no 
linkage with each other thus it can also be backdriven, and it is also electromagnet 
activated like the other two clutches above, even they are based on totally identical 
working principles the author tried to make create same condition for the comparison. 
And when voltage is applied to its coil, the magnetic particles under the influence of 
the magnetic field will link the rotor and stator of the clutch together. The density of 
the magnetic field controls the strength of this linkage. See Fig. 50.  
 
 
 
 
Fig. 50 Diagram of magnetic particle clutch 
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5.4 Experiments and results 
 
The same experimental setup in chapter 3 can be used for this evaluation as well, see Fig. 
23. The author investigated the characteristics of all the three kinds of clutches, first is 
the torque limits that are under different voltage settings, as well as the torque response 
to a sudden slip, and the torque response to a sudden activation, the difference in the 
implementation of the two experiments is: the former engages the clutch first then run the 
motor to produce a slip and the latter needs to run the motor first then engage the clutch. 
After the clutches are profiled, we can have a basic understanding of the advantages of 
each of them, and using the characteristics obtained, an open-loop torque control model 
was built and implemented then the hysteresis, step response, and frequency response 
were evaluated, based on the information acquired the torque controllability of them will 
be compared. Subsequently, as one of the main purposes of this work, safety is studied 
again with collision experiments and torque control was evaluated again with practical 
application. Final experiments can also give the information of the position control 
accuracy with closed clutches in contact-free motion and the preliminary evaluations 
concerning safety. During the experiments in Section IV, the link also touched the 
obstacle from the beginning, but the motor moved first, and the clutch was activated later. 
In Section V, the link did not touch the obstacle initially; the clutch was activated first 
and then the motor started moving. 
 
5.4.1 Torque response 
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During this experiments for clutch characteristics, the link rested against a solid obstacle 
(the aluminum base of the test setup). At first, the clutch was activated, and only 
afterwards the motor was activated, therefore pressing the link against the base. All the 
clutches were activated by the maximum setting to test the response torque. Then the 
author ran the motor at a target speed of 1000 rpm, corresponding to a clutch rotor speed 
of 10 rpm. This is the typical speed that a normal robot would move at, and a typical result 
of the torque response for each clutch is shown in Fig. 51. The magnetic particle clutch 
went up around 3.6 Nm, that is 0.4 Nm lower than its designated maximum torque of 4 
Nm in the datasheet. With no voltage applied 0.05 Nm minimal torque limit was achieved, 
because the magnetic particles inside the clutch produced some friction even without 
activation by the magnetic field. Magnetic particle clutch also had the second steepest 
slope to reach a quasi-static state. Afterwards, there showed a slow increase in the torque 
 
Fig. 51 Torque response 
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within 0.1 Nm.  
The MR fluid clutch reached a maximum output torque of only 1.46 Nm, which is only 
29% of its designated maximum torque on the datasheet, even though the maximum 
voltage according to the specifications was applied. The author considered this was due 
to sedimentation of the particle contained in the MR fluid: the magnetic particles carried 
by the fluid have a higher density compared with the fluid itself, and the sedimentation 
caused the distribution of particles to be uneven and this could lower the achievable 
output torque. In this case, there was an 8 months interval between the clutches were 
purchased from the companies and the tests of them, which was supposed to provide 
ample time for the sedimentation process in the MR fluid, even though there was no 
information of specified shelf life time of the products from LORD. The author attempted 
to achieve a better distribution of the particles by slipping the rotor of the clutch at 10 rpm 
for 30 minutes without applying voltage to the activate the clutch, but this in the end failed 
to increase the maximum achievable torque. The lowest torque limit the MR fluid clutch 
could generate was 0.09 Nm. Moreover, the MR fluid clutch reached a steady state after 
the least steep torque increase slope, and compared to the other clutches it showed the 
least drift in torque afterwards. The author even used a 12 Nm model of the same 
manufacturer (LORD) that was purchased at the same time with the tested one chosen 
MR fluid clutch is a defect product. The maximum achievable torque was recorded as 5.8 
Nm (48.3% of 12 Nm), which partially supported the author’s hypothesis with the 5 Nm 
model, i.e. a lower maximum achievable torque limit than designated due to 
sedimentation. In any case, even the torque to weight ratio provided in the specifications 
is lower than the one for the friction clutch. 
The friction clutch had the steepest torque increase slop to reach a quasi-static state of 8 
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Nm. Thus, the friction clutch indeed has a highest torque to weight ratio of 25 Nm/kg. 
Afterwards, there was a variation within 0.5 Nm when during the slipping which the 
author considered acceptable for torque control. Even when continuously slipping for 10 
minutes, only a variation within 0.6 Nm was observed. The friction clutch also can 
provide the lowest minimum torque as a result of the existence of a gap between the rotor 
and stator that is 0.2 to 0.3 mm while it is fully disengaged. In this set of experiments, at 
least 3.6 V need to be fed to the clutch to form a complete engagement, corresponding to 
a torque of 0.2 Nm. As a further consequence, the friction clutch is not able to control 
torques between 0 and 0.2 Nm. Because this clutch is chosen to perform force/torque 
control, a drop from the static friction to kinetic friction is not preferred, so material that 
have an equal kinetic and static coefficient was selected as the friction material, the author 
did not observe obvious differences in the static and kinetic friction output in general with 
the clutch investigated in this chapter. This is also congruent with the results presented 
for example in [51]. Previous versions of the clutch that were examined in chapter 3 had 
a drastically reduced torque output (around 50%) with slip, and from the torque-voltage-
speed relationship, the torque limits were also slightly dependent on the slip speeds. With 
such a behavior a state-based control algorithm (slip or no slip) could also be built and it 
can be beneficial for torque control as well. The torque limit function would also need to 
take the slip speed into consideration to make the model more precise. Nevertheless, the 
friction clutch implemented in the current chapter did not exhibit noteworthy discrepancy 
in the kinetic and static torque limits or rotational speed dependent torque limits.  
In addition, friction clutch is easily to be assumed that too much heat generated during 
slipping that will damage the clutch itself, the author tested the heat produced by all 3 
clutches. In the beginning, even the author suspected that the friction clutch might get 
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hotter due to the working principle. Each clutch was continuously slipped at 10 rpm 
(normal moving speed for robots) for 15 min and the temperature of them were measured 
before and after the slipping. Each clutch was supplied voltage corresponding to 1.4N 
(the maximum torque that the MR clutch could produce.), the was no big difference 
compared with each other, see Table XII.  
 
Table XII Temperature before and after slipping 
 Temperature 
before slipping 
(°c) 
Temperature 
after slipping 
(°c) 
Friction 
clutch 
24.3 27.7 
MR fluid 
clutch 
24.3 26.2, 
Magnetic 
particle 
clutch 
24.2 26.7 
 
5.4.2 Torque-Voltage relationship 
 
In this set of experiments, the torque output of the clutches depending on the applied 
voltage and the slip speed was investigated, this was similar with the clutch profile 
experiment in chapter 3, but please note that different friction material was chosen for the 
same model of friction clutch and this was apparently supposed to provide new results 
and the comparison results were also obtained. As the link is not moving, the slip speed 
can be directly set with the motor speed. Each clutch setting was investigated at least 3 
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times for a few seconds, as the average quasi-static torque limit (not taking the transient 
behavior into account) shown in Fig. 52.  
A nearly linear torque limit of the magnetic particle clutch is showed regarding to the 
applied voltage in green lines, see Fig. 52. The maximum torque limit measured 
corresponded to the results in the previous experiment. Moreover, the slip speed (0.1 rpm, 
1 rpm or 10 rpm, respectively) exhibited no evident influence on the torque.  
The MR fluid clutch showed an approximately linear relationship of the applied voltage 
to torque as well, as shown in red lines in Fig. 52. There exists a slightly influence of the 
slip speed on its torque, with higher slip speeds showing a bit higher torques and this is 
considered due to the drag forces in viscous liquids. Just as in the experiment presented 
in previous section, the MR fluid clutch only achieved a much lower maximum torque 
limit than the designated torque that is corresponding to the maximum voltage setting.  
As for the friction clutch, the clutch did not engage with voltages lower than about 3.6 V, 
 
Fig. 52 Torque-voltage relationship 
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particularly, the author could observe that the rotor was not pushed to the stator and thus 
the friction zones did not touch each other, since the magnetic field generated with below 
3.6 V was not strong enough to produce force that can overcome the flat spring force. 
Starting from 3.6 V, it again showed a nearly linear relationship between voltage and 
torque output. Like the magnetic particle clutch, the slip speed exhibited no observable 
influence on the output torque of the friction clutch. Congruent with the previous results, 
the minimum torque measured by the torque sensor was lowest for the friction clutch; it 
can be freewheeling when voltage lower than 3.6 V was fed to it, as the friction plates 
failed to touch each other. For the other clutches, the rotor always have to move through 
a medium (magnetic particles or MR fluid), which induces a small minimum torque (0.09 
Nm for the MR fluid clutch and 0.05 Nm for magnetic particle clutch) even when the 
clutch is not activated. 
 
5.4.3 Torque control 
 
A simple linear mathematical model was built to achieve model-based open-loop torque 
control for further analyzing. Based on the results obtained from the previous section, the 
torque is modeled as a simple linear function which is dependent only on the voltage 
applied: 
𝐶 = 𝑘1𝑉 +  𝑘2                  (8) 
where 𝐶 is the torque setting for the clutch and 𝑉 is the voltage applied to the clutch. 
The parameters 𝑘1 and 𝑘2 for the 3 clutches are shown in Table XIII. This function can 
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be inversed to calculate the needed voltage of the electromagnets for a target torque limit. 
To realize torque control, the motor needs to move with a torque higher or equal to the 
torque setting. In the experiments, the motor was simply set to move at the speed of  
1000 rpm and the EPOS controller automatically provided adequate torque independent 
to the ATL. In the following experiments, the link was always touching the solid obstacle 
which is the base of the setup, so the slip speed was the same as the clutch rotor speed, 
i.e. 10 rpm. 
 
Table XIII Parameters for clutch control 
 Friction clutch  MR fluid 
clutch  
Magnetic 
particle clutch 
𝑘1 0.361 0.122 0.15 
𝑘2 -0.664 0 0 
 
A. Hysteresis 
 
Because the author chose all the 3 types of clutches that are engaged by a magnetic field 
created by powered electromagnets, hysteresis in the loading and unloading cycle cannot 
be simply neglected, and this was investigated by applying stepwise increasing and 
subsequently decreasing voltage. After every 10 seconds, the voltage was varied. From 
the results, the average and the standard deviation (SD) of each step were calculated. A 
representative trial for each clutch is shown in Fig. 53. This experiment was conducted 3  
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trails for each clutch, and the calculated average hysteresis as well as the average standard 
deviation are listed in Table XIII. The author calculated the hysteresis using equation (9). 
𝐻𝑦𝑠𝑡𝑒𝑟𝑒𝑠𝑖𝑠 % =
𝐹𝑚𝑢−𝐹𝑚𝑙
𝐹𝑚𝑎𝑥−𝐹𝑚𝑖𝑛
 × 100%    (9) 
 
𝐹𝑚𝑢 is the torque values of the voltage loading cycle and 𝐹𝑚𝑙 is the torque of unloading 
cycle, both were taken at the midpoint. 𝐹𝑚𝑖𝑛 is the minimum measured average torque 
and 𝐹𝑚𝑎𝑥 the maximum measured average torque. It is apparent from the figure that the 
friction clutch has the highest standard deviation as the difference between the increasing 
and decreasing cycle was relatively big. Moreover, the friction clutch had a higher SD 
than the other clutches, but also a much higher difference between the minimum and 
maximum torque. Furthermore, the results are congruent to the ones presented in the latter 
sections. 
 
Fig. 53 Hysteresis 
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B. Step response 
 
The author investigated the step response which indicates how much time for each clutch 
to achieve the target torque value when providing with a step activation. This experiment 
can be seen as the complimentary to the results showed in 5.4.1, however in this 
experiment the author ran the motor before the clutch was engaged. The target voltage of 
the clutch increased in the form of a single step. Since the maximum achievable torque 
of the MR fluid clutch is 1.46 Nm, the author set 1.4 Nm to be the target torque for all the 
clutches and applied the corresponding torque calculated form equation (8) to get a 
comparable result for all the 3 clutches. The time it took to reach a stable torque for each 
clutch was measured. Considering that there is instability in the clutch response, the 
author took the values that from 90% to 110% of the target torque as the stable range and 
calculated the time for each clutch to enter the designed stable range. This experiment 
 
Fig. 54 Step response 
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was conducted 3 trials for each clutch, and the average step response time of the friction, 
magnetic particle and MR fluid clutch was reported to be 0.052 s, 0.068 s and 0.158 s, 
respectively. The comparison of the result of each clutch is shown in Fig. 54. It is obvious 
that the friction clutch showed the steepest slope and the fastest response time as 0.047 s, 
the magnetic particle clutch had the second fastest response time of 0.071 s. The MR fluid 
clutch responded the slowest to the voltage with 0.156 s to reach the set torque, which 
could be also be considered due to the sedimentation which reduced the proportion of 
effectively activated magnetic particles. In addition, it can be observed that in the very 
beginning, the friction clutch (in blues line) increased slowest and created a gentlest slop; 
considering the mechanical structure and the working principle of it, the author 
considered this to happen because the action of mechanically engaging the friction zones 
of the clutch takes time. 
C. Frequency response 
 
 
Fig. 55 Torque tracking 
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Based on the mathematical model of the torque-voltage relationship of equation (8), the 
author was able to generate a sinusoidal-shaped voltage signal in order to evaluate how 
 
Fig. 56 Bode plot (Magnitude)  
 
Fig. 57 Bode plot (phase) 
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the clutches respond to different frequencies. The desired torque value was set to change 
between 1.4 Nm (maximum of MR fluid clutch) and 0.2 Nm (minimum torque of the 
friction clutch when engaged) to get comparable results for all 3 clutches. Otherwise, the 
experiment setup and settings were just the same as in the experiment described in 5.4.3-
B. This experiment was done 3 trails for every clutch as well as for every frequency. Fig. 
53 shows one of the results for a 1 Hz signal. The torque output of all the tree types of 
clutches overall tracked the desired torque. Using all data, Fig. 55-57 show how the 
achievable torque varies with changing frequencies (1, 2, 4, 8, 16, 32, 64, 128 Hz). It can  
be seen that the magnitude decreases slowest for the MR fluid clutch and the fastest for 
the magnetic particle clutch, the phase decreased least for magnetic particle clutch and 
the most for MR fluid clutch. Nevertheless, all the clutches exhibited acceptable and 
comparative performance in this section. 
 
 
5 .5 Joint angle and collision control 
 
In contact free motion, good position tracking performance is preferable and to avoid slip 
and due to insufficient torque, the torque limit set by the clutch based ATL at each time 
needs to be higher than the torques required by the dynamics of the load or task. Generally, 
the required torques can be calculated by the following formula  
 
𝐻(𝑞)?̈? + 𝐶(𝑞)?̇?  + 𝐺(𝑞) = τ𝑚        (10) 
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Fig. 56 Torque control of friction clutch 
 
Fig. 57 Torque control of MR fluid clutch 
 
Fig. 58 Torque control of Magnetic particle clutch 
 
88 
 
where 𝑞 , ?̇? , ?̈?  are the vectors of joint angular position, velocity and acceleration, 
respectively, τ𝑚 is the vector of applied joint torque, 𝐻(𝑞) is the symmetric positive 
definite inertia matrix, 𝐶(𝑞)?̇? is the vector of Coriolis and centrifugal terms, and 𝐺(𝑞) 
is the gravitational force term. The clutches will not affect the position tracking 
performance, if τ𝑐 is set to be higher than τ𝑚. 
Moreover, at any time when a physical contact is possible to happen, the clutch setting 
should not be higher than the applied contact torque. When the link contacts with an 
obstacle, τ𝑚 increases automatically until τ𝑚 > τ𝑐 if the motor is velocity controlled, 
as the link is pushed against the obstacle with the predetermined torque set by the clutch. 
At no time substantially higher than the intended forces will be applied. If no contact with 
environment is intended, τ𝑐 at each time can be set slightly higher than τ𝑚,  in order 
to achieve enhanced safe actuation. Clutch slipping can also be used for contact detection 
with the environment.  
The author evaluated the position tracking performance with the torque output control at 
the same time, both in contact-free motion and in collision situations. The clutch was 
activated with a certain voltage. The link then was rotated from the vertical position with 
a speed of 10 rpm until it collided with a steel block fixed to act as the obstacle. The motor 
was velocity controlled. Fig. 59. exhibits the maximum collision torque of each clutch for 
every clutch setting in 3 trials. It can be seen that the collision force was restricted to a 
toque not substantially exceeds the profiled torque successfully without any sensor 
feedback. Fig. 56-58 shows a time-series result for each clutch. The y-axis on the left 
shows the information of the encoder attached to the link and motor (before and after the 
clutch): before the collision happens, the encoder measurements before and after the 
clutch were the same, which proved that with sufficiently high τ𝑐 all 3 clutches do not 
89 
 
affect the position tracking ability under contact-free situation. The left y-axis exhibits 
torque information: the red line is the torque limit that the author set slightly higher than 
τ𝑚 based on the torque control model, it was increasing in accordance with the motion 
of the link before the collision and became constant afterwards. The blue line is the actual 
torque measured form the torque sensor (with 5 kHz): it is obvious that at no time instance, 
the actual torque in the joint was extensively higher than the predefined torque limit , 
even during the collision. After the collision, in the experiments the motor kept running, 
and the torque corresponded to the profiled torque.  
 
5.6 Discussion 
 
In this chapter, torque controllability is mainly focused. In the previously 2 chapters, the 
 
Fig. 59 Profiled torque vs. collision torque. 
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safety of the suggested friction based ATL were investigated, the author proposed the 
idea of using the ATL for torque control as well. High torque to weight ratio is a vital 
factor for integration and practice applications of robots, existing MR fluid and magnetic 
particle based clutch based ATL are studied and used for their good torque controllability, 
yet, their relative low torque to weight ratio remains to be the problem. To verify that the 
friction clutch based ATL is able to be torque controlled too, a comparative study of their 
basic characteristics and their open-loop torque controllability was conducted here.  
i) The results showed that the output torque for all 3 clutches can be controlled and the 
author implemented open-loop torque control: all clutches were able to keep tracking the 
command sinusoidal torque target. High frequencies up to 128 Hz were adopted for the 
tests.  
ii) The friction clutch exhibited a fastest step response time and a comparable frequency 
response but relatively high hysteresis, furthermore, output torque is less steady but it also 
has the fastest torque response which would be beneficial during collision. The minimum 
achievable torque is near zero for all clutches, but the friction clutch can be fully 
disengaged thus it can literally produce 0 Nm torque. Moreover, 0.1, 1 and 10 rpm slip 
speeds were all studied and the torque of friction clutch had no dependency on the slip 
speed. Considering the fact that torque output of the MR fluid clutches is substantially 
lower than expected, the author suspects that it is because of the inactivity during 8 
months’ time and this led to the sedimentation of the magnetic particles. Unfortunately, 
the author failed to improve the torque by stirring the MR fluid since it is in a closed 
system such as a clutch, however, stirring the fluid before it is sealed seems to be an 
effective method just as what the researchers who study MR fluid do before their 
experiments. The problem could potentially be counteracted with regular use of the clutch 
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or with more robust fluids. Nevertheless, there is no such limitations about the shelf life 
exist for the other two types of clutches (friction and magnetic particle) and even a MR 
fluid clutch which has a designated torque output currently has a substantially lower 
torque to weight ratio than that of a friction clutch.  
iii) The author performed collision experiments as well and the results showed that even 
under collision situations, the clutch torque was able to be controlled. Furthermore, this 
gave the idea that in contact-free motion, by varying clutch voltage settings to fulfill the 
dynamic torque requirements, unhindered position control is feasible, and through 
adjusting torque limits which are slightly set beforehand to be higher than the dynamic 
requirements, human-friendly safe actuation can be realized. The author concluded that, 
friction clutches that are electromagnetically controlled can be used as ATL, it has the 
advantages of both a high torque to weight ratio (in this case 8 Nm/0.32 kg) and being 
able to act as a viable option for torque control. Nevertheless, other two types of clutches 
(MR fluid and magnetic particle) can be more precise torque controlled, and showed a 
better performance on hysteresis. To choose the proper clutch will still depend on the 
specific application, for example, is accurate torque control or lightweight more important, 
and which can be compromised.  
iv) Furthermore, temperature did not increase too much during the experiments, the wear 
of the friction surfaces can still be a potential issue. Nevertheless, friction clutch is widely 
used applications for example as brakes which requires it to slip. The author believes the 
proper implementation will contribute to the life time of both the friction surfaces and the 
coils inside. in particular the friction surface, and the optimization of the friction surface 
will be conducted as future work. The fact that low slip speeds (0.1 rpm) are sufficient 
for torque control could be beneficial for extending the life time of the clutch. Finally, for 
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safety applications with contact-free motion, no slip is required. 
As a conclusion, from the results of this comparative study, the friction base ATL are 
verified to be feasible as a torque control device even compared with the well-known 
accurate torque controllable.  
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6. Conclusion and future work 
 
This work mainly studies safety of the robots as the collaboration of human and robots is 
in high demand which is discussed in chapter 1, and torque control as an important 
function of robot which also helps to ensure safety will also be investigated. There are 
various methods for enhancing safety, a lot of focus on the active methods which sensor 
feedback is required. However, relaying on the sensor feedback will lead to the possibility 
that the during delay in the control loop, severe damage is happened. To avoid relaying 
on sensor, intrinsic safety methods which mechanically deals with the collision is 
preferred. And in this work, the use of torque limiter for safety and torque control is 
suggested.  
In general, the author designed the use of Adjustable Torque limiter (ATL) of good 
performance based on friction clutch. Particularly, the friction clutch is a two pieces 
device with friction surfaces on them and can be engaged by the applied voltage, since it 
is composed of two parts it can be disengaged completely. Initially, the idea is to use the 
characteristic of friction that it has two kinds of friction coefficients depending on the 
relative state of the friction surfaces (slipping or not), the author chose a material that has 
higher static friction such that when the clutch starts to slip the friction will be reduced, 
this is considered beneficial for collision. Some actuators have the ability to completely 
release the torque to zero and there will be no torque to hold the weight of the robot, this 
in turn makes collision dangerous. Nevertheless, if we chose the proper kinetic friction 
coefficient, the torque will be reduced but still there can be a certain level of torque 
remained to prevent itself from falling down. Furthermore, the adjustablility of the torque 
limit is also examined for both static and kinetic friction, the linear relationship between 
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the voltage and the torque limit enables easy control of it. Experiments were performed 
for collisions as well, and results show that the torque limit is effective even during 
collision. In this set of experiments as well as the collision experiments latter for friction 
clutch with different material, the author chose a light weight link to simulate an arm 
during collision, this is because the payload and the weight of the robot could be variable, 
and the damage due to the inertia of the payload is not the objective to study in this work, 
so light weight link is chosen to eliminate the influence of the payload inertia.  
As the friction clutch is an on-power clutch that if the power is cut unwantedly the ATL 
will no longer be able to engage to hold the weight, the inertia of the robot could be 
potential danger. The author studies safety standard regarding such situation, and an 
emergency stop function is proposed. It uses capacitors to store the electric energy and a 
relay that switches the ATL to the capacitors to receive the charges, afterwards, the 
charges in the capacitor is used up, the robot is backdrivable again. This is beneficial in 
specially clamping situation. Experiments are performed to test how the weight of the 
arm influences the braking time and distance. The result is obvious that as the weight 
increases the braking time and distance increases, what is more significant is that this 
helps in the design phase of the robot, it is possible to design the robot regarding the safety 
standards which defined the allowable braking distance and time. 
The author considered the feasibility to use the friction clutch in both slipping and non-
slipping modes for torque control as well. Accurate torque control of robots is not 
completely solved now, and good torque control also substantially contributes the safety. 
A comparative study with MR fluid clutch and magnetic particle clutch was performed, 
as those two kinds of clutches have good torque controllability. This time, the author 
chose friction material that has an equal static and kinetic coefficient as it would be better 
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for control if no torque reduction happens, the friction clutch has a higher hysteresis and 
torque variation than the other clutches, but a faster step response and a comparable 
frequency response. Collision experiments are conducted and the results show that also 
for collisions the torque can be controlled. The safety is ensured by a series of collision 
experiments, adjustable torque limiting ability in accordance with the joint configuration 
is exhibited. Furthermore, in contact free motion, by using clutch settings that fulfill the 
dynamic torque requirements, unhindered position control is feasible, and by using torque 
limits that are only slighter higher than the dynamic requirements, safer actuation can be 
achieved. position accuracy is ensured. 
In conclusion, electromagnetically controlled friction clutches not only have a high torque 
to weight ratio (in our case 8 Nm/0.32kg), but are also a viable option for torque control. 
In the future, the wear of the friction surfaces is supposed to be studied, even in this work, 
the heat generated was verified not too much to cause damage, it could be a potential 
issue due to the working principle; Also, for the emergency stop function, it would be 
valuable if a clearer relationship of the braking time and the weight could be established, 
and to thoroughly study this, more factors need to be taken into account like the gravity 
information when the joint is in vertical configuration. And more experiments need to be 
conducted for testing; As for torque control, just a single joint is investigated in this work, 
more complex structure should be considered, theoretically just by Jacobian matrix the 
torque limit in each joint can be transformed to the end effector force, in this way to 
perform force/torque control, however, experiments should be conducted for validation. 
In all the experiments in this work, on-power clutches are used, from the energy efficiency 
point of view, normally closed clutches which use a permanent magnet for engagement 
and the electromagnets to exert forces to overcome the engaging force could also be a 
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good choice, but this will highly depend on the application.  
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